A069  697  NAVAL  RESEARCH  LAB  WASHINGTON  DC  F/6  H/6 

A  REVIEW  OF  FATIGUE  CRACK  GROWTH  OF  PRESSURE  VESSEL  AND  PIPING  — ETC(U) 
SEP  GO  W  H  CULLEN*  K  TORRONEN  NRC-RES-79-103 

UNCLASSIFIED  NRL-HR-4298  NURE6-CR-1576  NL 


NUREG-CR-1576 


4ECUHITY  CLASSIFICATION  OF  THIS  PAGE  (Whan  Dm  ttiHwQ  \  < A  ' 

REPORT  DOCUMENTATION  PAGE 

1.  R^BORT  NUMBER  12.  GOVT  ACCESSION  NOJ 

NUREG/CR-1576  *  J  A  jv  i  c 

NRL  Memorandum  Report  4298  _ /l  /J— *  /r  l)  a 

4.  TITLE  (end  Subtitle) _ _ _ _ 

REVIEW  OF  JATIGUE  CRACK  GROWTH  OF  PRESSURE 
SpSSEL  AND  .PIPING  STEELS  IN  JGGH-XEMPERATURE, 
FRESSURIZED^EACTOR -GRADE  WATER:* 

^  9 


/j  t  /TU  0  Jun^  /•'e 


READ  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 
RECIPIENT'S  CATALOG  NUMBER 


S  TYRE  OP  REPORT  4  PERIOD  COVERED 

Interim  repoi  on  a  continuing 
NRL  problem 

I  6.  PERFORMING  ORO.  REPORT  NUMBER 


T^AuiMQsai - - - 

W.  H. ybuilenaa*-  Kari^orronen* 


_  AUTJJfiRUI- 

j/y^  w.  H.ybuii 


NRC-RES79-V>3v 
/Oy  NRC-FIN-B5528 


I.  PERFORMINO  ORGANIZATION  NAME  AND  ADORESI 

Naval  Research  Laboratory  /tT.  ,  i  /  o  /S  ; 

Washington,  D.C.  20375  (//)  J.  /  >£  y  t  j?  { 

II.  CONTROLLING  OFFICE  NAME  AND  ADDRESS  _ _ 

U.&  Nudear  Regulatory  Commission  f\ in 

Office  of  Nudear  Regulatory  Research /7I  A/fr  I  —//]  4-^44 

Washington,  DC.  20555  ^  Ini'  U)7l 

t  -  i 

14.  MONITORING  AGENCY  NAME  4  AOORESSCII  djUotoni  from  Controlling  Quiet) 

(Hj-/\in  n  e y i  jjj  s >7/  7 


PROGRAM  ELEMENT.  PROJEC1 
AREA  a  WORK  UNIT  NUMBERS 


CT,  TASK 


63-1065-0-0 


(B)  sill 


III.  CONTROLLING  OFFICE  NAME  AND  AODRESS 


J2.  REPORT  DATE 

j  September  19, 1980 

Ui.  NUMBER  OF  PAGES 

I _ 126 

IS.  SECURITY  CLASS,  (ol  thl a  repo rt) 

UNCLASSIFIED 

is*.  DECLASSIFICATION/ DOWNGRADING 
SCHEDULE 


1 14.  DISTRIBUTION  STATEMENT  (ot  thle  Report) 


Approved  for  public  release;  distribution  unlimited. 


1 17.  DISTRIBUTION  STATEMENT  (ot  th»  atalrKI  entered  In  Block  30,  It  dltlerent  from  Report) 


IS.  SUPPLEMENTARY  NOTES 

'Present  address:  Technical  Research  Centre  of  Finland,  02150  Espoo  15,  Finland. 

Prepared  for  the  U.S.  Nudear  Regulatory  Commission,  Office  of  Nuclear  Regulatory  Research,  Reactor 
Safety  Research  Division  under  Interagency  Agreement  RES-79-103.  NRC  Distribution  Category  R5  and  AN. 

IS.  KEY  WORDS  (Continue  on  rororoo  elde  It  neceeeorr  and  Identity  by  Hock  number) 

Fatigue  crack  propagation 
Fractography 
Hydrogen  embrittlement 
Nudear  pressure  vessel  steel 

SO.  ABSTRACT  (Continue  an  rororoo  oldo  It  ihcmh ty  end  Identity  S y  Clock  number) 

"V  Fatigue  crack  growth  data  sets,  for  pressure  vessel  and  piping  steels,  in  reactor-grade  water  environment 
have  appeared  in  various  reports  and  publications  since  about  1972.  All  of  the  results  which  have  been 
published  from  1972  through  1979  have  been  plotted  and  are  presented  in  this  report.  Beginning  with  a 
discussion  of  the  need  for  these  data,  and  an  explanation  of  the  laboratory  facilities  which  are  required  for 
this  research,  this  report  goes  on  to  describe  the  overall  trends  which  have  evolved  through  consideration  of 
the  data  sets  and  the  conditions  under  which  they  were  generated.  A  model  for  hydrogen  assisted  fatigue 
crack  growth  is  described  and  applied  to  the  pressurized  water  reactor  type  of  environment.  A  complete 
listing  of  references  is  included  in  the  report,  k 


FORM  <i« 
I  JAN  73  IW1 


EOITION  OF  I  NOV  SS  IS  OBSOLETE 
S/N  01 02-LF-01 4-6601 


SECURITY  CLASSIFICATION  OF  THIS  RACE  < 


CONTENTS 


INTRODUCTION  .  1 

METHOD  OF  DATA  ACQUISITION  AND  REPLOTTING .  6 

GRAPHICAL  REVIEW  OF  DATA .  7 

MODELS  FOR  ENVIRONMENT  ASSISTED  CYCLIC  CRACK  GROWTH .  15 

Hydrogen  Embrittlement  Mechanism  at  93°C .  17 

Hydrogen  Embrittlement  at  288°C .  17 

Fractography  and  Metallography .  18 

AREAS  OF  FUTURE  WORK  .  19 

CONCLUSIONS .  19 

ACKNOWLEDGMENT .  20 

REFERENCES .  115 


A  REVIEW  OF  FATIGUE  CRACK  GROWTH  OF 
PRESSURE  VESSEL  AND  PIPING  STEELS  IN 
HIGH-TEMPERATURE,  PRESSURIZED  REACTOR-GRADE  WATER 


INTRODUCTION 

The  load-time  characterization  of  nuclear  reactor  pressure  vessels' and  primary 
loop  piping  can  be  described  in  terms  of  fatigue  cycling  due  to  numerous  sources. 
During  the  lifetime  of  a  typical  reactor,  start-up/shut-down  procedures  account  for 
about  250  cycles,  power  loadings/unloadings  —  50,000  cycles,  step  increases/decreases 
in  output  —10,000  cycles,  minor  trips  of  reactor  or  turbine  —1000  cycles  and  deliberate 
hydro-leak  tests  —20  cycles.  Pump  vibrations,  although  small  in  magnitude,  account 
for  the  largest  number  of  applied  cycles  — Mr1'  to  lO1^  cycles.  Under  these  conditions, 
it  is  reasonable  to  examine  the  possibility  that  small  flaws  could  nucleate,  if  they  do 
not  already  pre-exist,  and  achieve  measureable  and  perhaps  potentially  hazardous 
amounts  of  growth.  Hence,  many  nuclear  reactor  vendors,  and  other  sponsors  of 
nuclear  materials  related  research  have  encouraged  the  measurement  of  fatigue  crack 
growth  rates  in  the  high-temperature,  pressurized  reactor-grade  water  environment 
typical  of  the  light  water  reactors. 

Essentially,  programs  directed  at  evaluation  of  fatigue  crack  growth  rates  for  use 
in  light  water  reactor  lifetime  computations  must  address  the  following  relevant  areas: 

a.  Materials.  Plates,  forgings  and  welds  of  reactor  pressure  vessel  materials, 
hot  and  cold  leg  piping  materials  and  welds,  and  safe-end  materials  are  all  susceptible 
to  fatigue  failures.  The  effects  of  heat  input  during  welding,  and  continued  operation 
at  28o  C  (550°F),  as  well  as  thermal  changes  during  annealing  cycles  must  be 
acknowledged,  and  irradiation  effects  on  reactor  beltline  materials  must  be  accounted 
for. 


b.  Stresses.  The  loads,  and  the  rates  and  waveforms  associated  with  the 
application  of  those  loads,  should  approximate  or  easily  extrapolate  to  those  of  an 
operating  power  reactor.  While  in  reality  this  is  obviously  a  variable  amplitude/variable 
frequency  load  sequence,  the  understanding  of  crack  growth  mechanisms  is  more  easily 
attained  through  data  from  constant  amplitude  load  (  A  P),  or  constant  stress  intensity 
factor  ( A  K)  types  of  tests.  Once  this  understanding  is  attained,  variable  amplitude  and 
random  sequence  loading  tests  can  be  carried  out. 
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c.  Environment.  The  tests  must  be  conducted  in  high-temperature,  pressurized 
reactor-grade  water  which  simulates  the  operating  reactor  conditions.  The  water  is 
either  deoxygenated,  to  simulate  pressurized  water  reactor  (PWR)  conditions,  or  a  low, 
but  constant  concentration  of  oxygen  ( ~  200  ppb)  is  maintained  to  simulate  boiling 
water  reactor  (BWR)  conditions.  In  addition,  a  neutron  moderator,  boric  acid,  together 
with  a  small  amount  of  lithium  hydroxide,  is  added  to  the  PWR  coolant.  Typical  water 
chemistry  specifications  for  the  laboratory  environment  have  been  distilled  from  a 
number  of  vendor  sources  and  other  documents  and  are  shown  in  Table  1. 


Table  1  -  Summary  of  Specifications  for 
Laboratory  Simulated  BWR  and  PWR  Environments 


BWR  PWR 


Boron 

Lithium 

Dissolved  Oxygen 
Halides 
Hydrogen 
pH 

Conductivity 


Electrochemical  corrosion  effects,  which  result  from  having  different  metallic  species 
immersed  in  an  electrolyte,  are  also  a  potential  problem,  although  the  intrinsically  low 
conductivity  of  reactor  grade  water  serves  to  minimize  this  difficulty.  While  the 
concern  for  this  situation,  and  the  demand  for  data  extends  back  many  years,  the 
technology  for  performing  this  sort  of  research  has  developed  over  the  last  ten  years  or 
so,  and  it  is  only  now  (1980)  that  the  laboratories  engaged  in  this  research  number  more 
than  just  a  few. 

On  a  laboratory  scale,  these  tests  are  carried  out  in  autoclaves,  really  small 
pressure  vessels,  which  are  implemented  so  as  to  pressurize  and  heat  the  reactor-grade 
water.  Specimens  are  usually  either  compact  tension  (CT)  or  wedge-open-loaded  (WOL) 
types.  In  many  laboratory  facilities,  each  specimen  is  instrumented  with  a  displace¬ 
ment  gage  for  measuring  crack  mouth  opening  and  gripped  in  clevises  mounted  on  load 
rods  which  pass  through  water-cooled  sliding  seals  to  the  load  cells  and  actuators  which 
are  generally  external  to  the  autoclaves. 


200  ppb 
0.2  max 


0.5  /imho/  cm 


1000  ppm 
1  to  2  ppm 
1  to  2  ppb 
0.2  max 

10-50  cm3/kg(H20) 
4.5  - 10 

15-25  /imhos/cm 
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The  accurate  measurement  of  the  crack  length  has  been  a  major  factor  in  the 
slow  development  of  this  type  of  research.  Direct  observation  of  crack  length,  which  is 
impossible  while  the  test  is  on-going,  has  been  achieved  both  by  "beach-marking"  the 
crack  fracture  surface  by  varying  the  load  parameters,  or  by  temporarily  halting  the 
test,  removing  the  specimen,  observing  the  crack  traces  on  the  surface  and  re-starting 
the  test.  However,  as  will  be  discussed  in  the  section  on  graphical  review  of  the  data, 
varying  loads  and  test  interruptions  may  lead  to  non-steady  state  crack  growth,  and  the 
resultant  data  will  be  difficult  to  either  interpret,  or  reconcile,  with  data  obtained 
using  less  perturbing  techniques. 

A  preferred  way  of  evaluating  crack  lengths  without  interrupting  or  perturbing 
the  progress  of  the  test  is  to  measure  the  specimen  compliance,  which  increases  as  the 
crack  length  increases.  The  exact  relationship  between  compliance  and  crack  length 
can  be  experimentally  determined,  or  is  readily  available  for  specimens  of  standard 
geometry.  This  procedure  requires  the  simultaneous  measurement  of  displacement, 
usually  normal  to  the  crack  plane,  and  load,  and  the  referencing  of  this  quotient,  with 
appropriate  normalizing  terms,  to  the  pre-existing  relationship  of  crack  length  as  a 
function  of  compliance.  It  has  only  been  in  the  last  few  years  that  displacement  gages, 
qualified  for  use  in  the  high-temperature,  pressurized  water  environment  have  become 
available.  The  two  most  prevelant  devices  are  LVDT's  (linear  variable  differential 
transformers)  and  clip  gages  implemented  with  weldable  strain  gages.  Both  of  these 
have  the  sensitivity  required  and  both  can  be  designed  for  continuous  and  long-term  use, 
enabling  frequent  measurement  of  crack  length  at  any  cyclic  interval  required. 

Most  laboratories  are  using  specimens  identical  to,  or  nearly  like  those  described 
in  ASTM  E647-78,  Method  of  Test  for  Constant-Load- Amplitude  Fatigue  Crack  Growth 
Rates  Above  10”8 m/cycle.  The  size  of  these  specimens  varies,  depending  on  the  stress 
intensity  factors  to  be  applied,  but  the  largest  specimen  tested  to  date  has  been  —100 
mm  thick  (4T-CT).  The  general  rule  is  to  use  the  thickest  specimen  possible,  both  to 
better  simulate  the  thickness  of  the  pressure  boundary  components  (  up  to  —  300  mm) 
and  to  provide  the  elastic  constraint  necessary  to  support  the  higher  stress  intensity 
factors  which  may  be  studied.  Most  tests  are  performed  using  constant  amplitude 
fatigue  cycling,  but  as  this  data  becomes  better  understood,  some  researchers  are 
moving  on  to  variable  amplitude  tests,  and  decreasing  load  tests  in  which  A  K  is  held 
constant  as  the  crack  extends. 

Plots  of  da/dN  vs  A  K  indicate  that  crack  growth  data  is  subject  to  some 
variables  which  exert  a  major  influence.  Basic  among  these,  all  of  which  are  being 
investigated  at  various  laboratories  are  (a)  load  ratio  (minimum  load/maximum  load, 
( =  R)  ),  (b)  waveform,  including  ramp  time,  hold  time,  and  frequency  (of  sinusoidal 
waveforms)  (c)  water  chemistry,  especially  disslved  oxygen  content,  and  temperature, 
(d)  materials  variability,  and  (e)  effects  of  irradiation.  A  number  of  other  parameters, 
such  as  electrical  potential,  and  load  interactions  are  expected  to  have  an  effect,  but 
the  necessary  research  has  not  yet  been  undertaken,  or  is  in  its  infant  stages.  Table  2 
lists  the  laboratories  which  are  actively  engaged  in  this  type  of  research,  the  references 
which  contain  their  results  to  date,  and  an  indication  of  the  variables  which  have  been 
explored  most  extensively.  In  addition  to  the  entries  in  this  table,  it  should  be 
explained  that  a  few  other  labs  are  performing  this  work  and  consider  their  results 
proprietary,  or  so  preliminary  that  publication  is  not  yet  possible.  Several  research 
groups  are  currently  establishing  their  autoclave  facilities  and  expect  to  be  generating 
fatigue  crack  growth  data  within  a  year. 

The  ASTM  E647-Method  of  Test  is  a  practical  standard  for  fatigue  crack  growth 
tests  which  best  pertains  to  situations  in  which  the  specimen  loads  can  be  carefully 


Table  2  -  Laboratories  involved  in  high-temperature, 
pressurized  water  fatigue  crack  growth  research. 


Facility  References  Variables 


Canada 

Ontario  Hydro 

Toronto,  Ontario,  Canada 

1 

Steam  environment,  thres¬ 
hold  studies,  piping  materials 

Finland 

Technical  Research 

Centre  of  Finland 

Espoo,  Finland 

— 

Waveform  and  frequence, 
load  ratio,  materials, 
water  chemistry,  electro¬ 
chemical  effects, 
mechanisms 

France 

Creusot-Loire 

Firminy,  France 

— 

Waveform  and  frequence, 
temperature,  load  ratio, 
irradiation,  materials 

Germany 

Kraftwerk  Union 

Erlangen,  Germany 

— 

Materials,  temperature, 
load  ratio,  frequency,  electro¬ 
chemical  potential 

Italy 

Centro  In! ormazione 

Studie  Esperienze 

Milano,  Italy 

— 

Temperature,  waveform, 
water  chemistry 

Japan 

Japan  Atomic  Energy 
Research  Institute 
Ibaraki,  Japan 

2-8 

Microstructure,  waveform, 
BWR  chemistry,  materials 

Sweden 

Studsvik  Energiteknik  AB 
Nyleoping,  Sweden 

9 

Materials,  rise  time,  water 
chemistry,  temperature 

United  Kingdom 

Central  Electricity 

Research  Lab. 
Leatherhead,  Surrey,  UK 

10-11 

Frequency,  temperature, 
steam  environment,  constant 
A  K 

Table  2  -  continued 


Laboratories  involved  in  high-temperature  pressurized  water  fatigue  crack 
growth  research. 

Facility  References  Variables 


Atomic  Energy  Research 
Establishment 

Harwell,  UK 

12-14 

Frequency,  waveform, 
temperature,  load  ratio, 
water  chemistry 

Atomic  Energy  Research 
Establishment 

Springfields,  UK 

15-16 

Frequency,  waveform 
water  chemistry 

Rolls  Royce  and  Assoc.  Ltd. 
Derby,  UK 

17 

Load  ratio 

Babcock  and  Wilcox 

Alliance,  OH 

18 

Waveform,  constant  AK, 
load  ratio,  water  chemistry 

General  Electric  Corp. 

San  Jose,  CA 

19-30 

Frequency,  load  ratio, 
materials 

General  Electric  Corp. 
Schenectady,  NY 

31-32 

Frequency,  load  ratio 

Naval  Research  Lab. 
Washington,  D.  C. 

33-41 

Rise/hold  time,  temperature, 
materials,  load  ratio,  mechanisms, 
irradiation,  load  interaction 
effects. 

Westinghouse  Corp. 
Pittsburgh,  PA 

42-68 

Rise/hold  time,  temperature, 
materials,  load  ratio,  size 
effects,  starting  A  K,  irradiation 

- ( - 

**There  are  several  other  countries/laboratories  which  have  only  recently 
commissioned  autoclaves,  and  have  not  yet  published  any  results.  Among  these 
are  Materialprufungsanstalt,  Germany,  two  additional  facilities  in  Japan, 
Technical  Research  Association  for  Integrity  of  Structures  at  Elevated  Service 
Temperatures  (ISES)  which  is  sponsoring  research  at  reactor  systems  vendors  in 
Japan  and  Central  Research  Institute  of  the  Electric  Power  Industry  (CRIEPI) 
and  labs  in  Australia,  Netherlands  and  South  Africa.  The  authors  believe  that 
this  is  a  complete  list  of  laboratories  engaged  in  fatigue  crack  growth  rate 
testing  in  a  nuclear  coolant  environment.  However,  some  laboratories  just 
beginning  such  research,  or  those  which  have  not  published  any  results  may  have 
been  inadvertantly  overlooked. 
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regulated,  and  the  crack  extensions  can  be  directly  determined  (e.q.  by  visual 
observation)  while  the  test  is  on-going.  A  companion  method  of  test  for  aqueous 
environments,  utilizing  compliance-based  methods  of  crack  extension  determination, 
has  not  been  developed,  although  such  methods  are  under  consideration.  With  special 
regard  to  the  high-temperature,  pressurized-water  test  practice,  even  the  laboratories 
which  are  considered  to  be  leaders  in  the  field  are  constantly  improving  their  facilities 
and  upgrading  their  test  practice  to  take  advantage  of  the  still-rapidly  developing 
technology  applicable  to  this  work.  At  the  present  time,  while  a  standard  method  of 
test  would  be  desireable,  it  would  be  most  difficult  to  write  one  which  would  be 
durable,  or  which  would  allow  for  the  experimental  ingenuity  which  often  is  a 
characteristic  of  this  work. 

In  order  to  foster  better  cooperation  and  communication  among  the  laboratories, 
vendors,  and  program  sponsors  either  carrying  out,  or  interested  in  these  corrosion 
fatigue  crack  growth  rate  tests,  a  cooperative  group  was  formally  structured  in  1978. 
The  International  Cyclic  Crack  Growth  Rate  (ICCGR)  cooperative  group  now  contains 
about  thirty  members  representing  twelve  nations.  Information  on  techniques,  results 
and  interpretation  of  the  data  is  exchanged  at  the  annual  meetings  of  the  full  group.  A 
series  of  round  robin  test  programs  has  begun,  and  several  laboratories  have  completed 
the  first  series  of  tests  for  which  they  are  responsible.  The  results  of  these  tests  (with 
the  exception  of  NRL  and  Westinghouse)  are  not  published  here,  since  they  are 
considered  privileged  to  the  group  itself.  Future  publication  is  anticipated. 

With  a  significant  amount  of  data  now  available,  and  with  a  sizeable  number  of 
laboratories  now  initiating  their  programs,  it  is  worthwhile  to  examine  the  data  which 
has  been  developed.  We  will  show  that  there  is  a  great  deal  of  scatter  in  some  of  the 
results,  but  also  that  certain  trends  have  been  established.  There  are  some  regions  (i.  e. 
low  A  K)  which  need  much  more  attention,  and  possibly  some  environmental  effects, 
unique  to  these  materials/environment  combinations,  which  should  be  explored  more 
fully.  This  data  needs  the  organization  provided  by  a  review  effort  so  that  all  the 
laboratories  generating  this  data,  and  all  the  facilities  making  use  of  this  data  may 
better  plan  their  programs  to  fill  in  the  missing  gaps,  or  to  confirm  or  further  explore 
those  features  most  interesting  to  them. 

One  of  the  primary  applications  of  this  data  is  in  the  formation  of  Section  XI- 
Rules  for  In-service  Inspection  of  Nuclear  Power  Plant  Components  of  the  ASME  Boiler 
and  Pressure  Code.  Contained  in  the  Appendix  A  of  this  code  are  two  upper  bound 
limits  (for  air  and  water  environments)  which  are  intended  to  reflect  the  rates  of  crack 
growth  to  be  expected  under  reactor  operating  conditions.  Constraints  on  temperature, 
waveforms,  load  ratio  or  materials  are  not  applied  since,  in  the  words  of  the  code,  these 
default  lines  are  "intended  to  be  very  conservative”  and  include  "the  effects  of 
temperature,  frequency  and  the  pressurized  water  environment."  Since  these  code 
limits  were  adopted,  a  large  amount  of  research  has  been  completed,  and  these  lines  are 
being  re-evaluated  in  light  of  this  and  on-going  research.  Additionally,  there  is  the 
possibility  of  a  Section  Xl-like  treatment  of  flaw  growth  being  incorporated  in  Section 
HI  of  the  ASME  code  —  Nuclear  Power  Plant  Components:  General  Requirements, 
which  is  the  guide  for  design  of  pressure  vessel  and  piping  components  (among  other 
facilities).  Thus  reliable  and  interpretable  fatigue  crack  growth  data  may  soon  be 
required  for  design  code  purposes  as  well  as  for  in-service  inspection  computations. 

METHOD  OF  DATA  ACQUISITION  AND  REPLOTTING 

Perhaps  the  major  component  of  the  effort  involved  in  producing  such  a  review 
paper  is  the  task  of  assembling  and  re-plotting  the  available  data.  All  of  the  data 
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contained  in  this  review  is  available  in  the  open  literature  —  that  in  fact  was  a  primary 
criterion  for  inclusion.  But  beyond  that,  cognizant  scientists  at  Westinghouse  Nuclear 
Systems  Division,  General  Electric  Nuclear  Power  Division  and  Rolls  Royce  and 
Associates  Ltd.  have  assisted  us  with  valuable  and  helpful  clarifications  and  expla¬ 
nations  of  their  results. 

As  a  general  procedure,  the  individual  data  sets  from  laboratories  other  than  the 
NRL  were  digitized  on  a  computerized  X-Y  plotter,  and  the  data  points  were  correctly 
scaled  and  filed  on  magnetic  disk  for  later  plotting.  The  data  was  often  digitized  from 
the  reports  themselves,  when  available,  or  from  photocopies,  and  as  such,  is  subject  to 
the  vagaries  of  the  various  reproduction  processes.  The  authors  cannot  attach  any 
measure  of  precision  with  which  the  data  is  replotted  and  presented  here,  as  compared 
to  the  original  form.  However,  we  are  sure  that  the  data  is  as  accurately  presented  as 
is  humanly  and  computationally  possible,  and  that,  at  the  very  least,  the  character  of 
the  data  has  been  accurately  retained.  It  would  seem  prudent,  however,  not  to 
redigitize  the  data  as  presented  this  review,  creating  results  twice  removed  from  the 
original.  Future  users  should  refer  to  the  original  references,  which  are  noted  in  each 
figure  caption. 

Each  data  set  has  been  replotted  on  exactly  the  same  plotting  grid  and  reduced  to 
the  same  camera  scale  for  inclusion  in  this  report.  This  scale  and  format  has  been 
selected  by  the  ICCGR  Group  in  order  to  promote  this  uniformity.  As  originally 
plotted,  each  logarithmic  decade  was  62.5  mm  in  length;  the  figures  have  subsequently 
been  reduced  by  the  same  camera  scale  factor  (65%).  In  all  cases,  the  ASME  Section 
XI-Appendix  A  air  and  water  default  lines  have  been  included  on  the  individual  plots  to 
assist  in  referencing  the  data. 

GRAPHICAL  REVIEW  OF  DATA 

The  following  graphical  presentation  contains  only  previously  published  data  for 
ferritic  reactor  pressure  vessel  and  piping  steels  mainly  in  high-temperature  pressurized 
reactor  grade  water.  Some  data  generated  in  ambient  temperature  water  as  well  as 
high  temperature  air  is  also  included  when  originally  published  in  connection  with  high 
temperature  water  data  or  when  used  to  serve  as  reference  data.  Some  earlier  data 
produced  in  high-temperature  pressurized  reactor  grade  water  have  not  been  included 
either  due  to  the  very  high  test  frequencies  used-preventing  any  environmental  effects 
[42] ,  or  due  to  the  absence  of  individual  data  points  [19,20] .  Additional  ambient 
temperature  data  in  pure  water  can  be  found  in  references  69-71  and  in  low  temperature 
steam  in  Ref.  1.  More  air  data  has  been  published  detailing  for  instance,  the  effect  of 
temperature  [69-75] ,  frequency  and  load  ratio  [69-75] ,  specimen  size  [69-73] ,  specimen 
orientation  and  inclusion  content  [76-78] ,  aging  [79-80]  and  irradiation  [81-87] . 

When  comparing  the  data  sets  it  is  essential  to  keep  in  mind,  in  addition  to  the 
possible  errors  due  to  digitizing  and  replotting  the  data,  the  differences  in  data 
acquisition  techniques  used  at  various  laboratories.  The  accuracy  between  techniques 
differs;  some  may  even  introduce  artifacts  to  the  test  results  as  stated  earlier.  The 
older  data  sets  were  generally  produced  from  a  vs  N  data  using  the  secant  method;  later 
the  incremental  second-order  polynomial  has  been  most  commonly  used;  both  methods 
are  described  in  ASTM  E647.  For  instance,  much  of  the  older  Westinghouse  data,  as 
published  originally,  was  computed  using  the  secant  method.  With  the  help  of  W. 
Bamford,  that  data  is  presented  here  after  having  been  recomputed  using  the  incre¬ 
mental  polynomial  methods. 

The  plotting  grid  used  for  all  data  sets  in  this  review  is  given  in  Fig.  1.  Depending 
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on  waveform  and  temperature,  the  NRL  results,  generated  with  low  load  ratio,  have 
appeared  in  one  of  the  two  appropriate  (R<0.5)  growth  rate  regimes  shown  in  Fig.  1. 
These  regions  have  been  somewhat  modified  from  the  original  NRL  presentation  [40] 
and  a  regime  for  high  load  ratio  test  results  has  been  added  to  give  three  growth  rate 
regimes  inside  which  almost  all  the  results  presented  in  this  review  can  be  fitted. 

The  graphical  data  is  presented  in  the  following  with  the  pressurized  water 
reactor  results  first,  followed  by  the  boiling  water  reactor  results.  The  first  group 
contains  NRL  and  Westinghouse  results  followed  by  UK  data.  The  second  group  is 
comprised  of  General  Electric,  Westinghouse  and  JAERI  data.  As  the  majority  of  data 
is  appropriate  to  PWR  water  chemistry,  only  other  environments  are  indicated  in  the 
figure  legends.  The  data  sets  are  further  grouped,  as  well  as  possible,  according  to  load 
ratio,  followed  by  waveform,  particularly  frequency,  or  period. 

The  individual  data  sets  are  given  in  Figs.  2  to  89.  No  attempt  is  made  here  to 
discuss  each  data  set  in  turn.  Instead  the  general  trends  will  be  evaluated  and  the 
apparent  discrepancies  will  be  discussed.  The  classification  into  low  and  high  growth 
rate  categories  has  been  in  some  cases  rather  difficult  due  to  large  scatter  and  abrupt 
crack  growth  retardations  and  accelerations.  In  these  cases  the  general  trend  of  the 
data  set  was  deduced  and  that  has  been  used  as  a  guide.  In  a  few  cases,  when  it  is 
evident  that  several  interruptions  of  the  test  or  other  test  device  malfunctions  have 
considerably  affected  the  results,  the  data  has  not  been  used  in  the  evaluation  of 
general  trends. 

In  the  following,  the  basic  variables,  according  to  which  the  data  has  been 
grouped,  are  (a)  water  chemistry  (PWR  and  BWR),(b)  load  ratio  R  (high  implies  R>0.5, 
low  R~0.20),  (c)  temperature  (nigh  implies  288°C,  low  93°C),  (d)  waveform  (ramp-type 
waveforms  with  no  hold,  short  hold  (<60  secs)  or  long  hold  (>60  secs),  sinewave  and 
triangular),  (e)  rise  time  or  frequency  (a  short  ramp  is  of  the  order  of  1  sec,  long  >60 
secs),  a  high  frequency  is  of  the  order  of  1  Hz,  or  more,  intermediate  ~17  mHz  (1  cpm), 
and  low  is  of  the  order  of  8  mHz  or  less),  (f)  materials, and  (g)  testing  laboratory.  The 
summary  of  the  general  trends  as  a  function  of  these  variables  (except  materials)  is 
given  in  Table  3.  The  air  data  is  not  included  as  it  always  resides  close  to  the  air 
default  line  regardless  of  the  testing  variables  (Figs.  10,  82,84).  Table  4  gives  a 
summary  of  the  serialization  of  the  figures  in  terms  of  their  content. 

Based  on  the  data  in  Table  3,  only  a  relative  few  of  all  the  possible  combinations 
of  the  variables  listed  above  have  been  tested.  There  are  also  some  discrepancies 
between  the  individual  results  obtained  using  the  same  combination  of  variables.  In 
some  cases  these  discrepancies  are  interlaboratory,  but  intralaboratory  differences  may 
also  be  seen  indicating  the  existence  of  some  variables  not  considered  in  Table  3  (e.g., 
materials  variability  or  slight  difference  in  water  chemistry,  especially  in  dissolved 
oxygen  content).  However,  several  conclusions  can  be  drawn  from  the  results  presented 
in  Table  3. 

To  produce  an  accelerated  crack  growth  rate  (above  the  air  results),  a  sufficiently 
long  rising  part  of  the  load  cycle  is  needed,  i.  e.,  the  ramp  time  must  exceed  1  sec.  or 
the  frequency  be  lower  than  1  Hz.  However,  in  high  temperature  PWR  water,  with  a 
high  load  ratio,  even  1  Hz  sinewave  loading  produces  an  initial  acceleration  of  the  cyclic 
crack  growth,  followed  by  a  bendover  to  the  low  category  occurring  at  rather  low  A  K 
values  (Fig.  14, 15,  Refs.  46,  48).  At  low  load  ratios  a  slight  difference  between  1  Hz  and 
10  Hz  has  been  reported-the  latter  giving  somewhat  smaller  crack  growth  rate  values 
[42] .  At  lower  temperatures,  in  water  containing  8  ppm  dissolved  oxygen,  an 
accelerated  crack  growth  rate  has  been  reported  for  1  Hz  triangular  wave  loading  [10] . 
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Table  3-A  Summary  of  General  Trends  in  CCGR 


NRL-Naval  Research  Laboratory  JAERI-Japan  Atomic  Energy  Research  Institute 

W-Westinghouse  Nuclear  Power  Systems  Division  CEGB-Central  Electricity  Generating  Board 

GE-General  Electric  Nuclear  Systems  Division  RR-Rolls  Royce  and  Associates 


Laboratory 


NRL 

Washington,  DC 


Westinghouse 
Pittsburgh,  PA 


Rolls  Royce 
Derby,  UK 


UKAEA 

Springfields,  UK 


CEGB 
Surrey,  UK 


Table  4  -  Summary  of  Figure  Serialization 
Conditions 

93°and  288°C,  PWR  conditions 
ramp/hold  waveforms,  R=0.2 
sinusoidal  waveforms,  R=0.2 


288°C,  PWR  conditions 
sinusoidal  waveforms,  R=0.2 


288°C,  PWR  conditions 
sinusoidal  waveforms,  R=0.7 


288°C,  PWR  conditions 
ramp/hold  waveforms,  R=0.2 


288°C  conditions 
ramp/hold  waveforms,  R=0.7 


288°C,  PWR  conditions 
sinusoidal  waveforms,  R=0.7 


25°C,  PWR  conditions 
triangular  waveforms,  R=0.0,  0.5 
variable  pH 

90°C,  PWR  conditions 
triangular  waveforms,  R=0.5 


Figure  Number 


2-9 


11-13 
18-20 
27,  32,33 
41-42,  58 


14-17 
21-23 
48-50,  54 


24-25 

28-31 

34-40 

43-47 

56-57 


51-53 

55,59 


60-61 


62-63 

65 


64 
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Table  4  -  continued 
Summary  of  Figure  Serialization 


Laboratory  Conditions  Figure  Number 


General  Electric  Co.  260-288  C,  BWR  conditions  66,  72-73 

triangular  or  sawtooth  waveforms,  75 

R=.05 

288°C,  BWR  conditions  67-71,  74 

triangular,  sawtooth  76-80 

or  ramp/hold  waveforms, 

R=0.5,  0.6,  0.78 

288°C,  BWR  conditions  81 

sinusoidal  waveforms,  R=0.16 

JAERI  260°C,  BWR  conditions  84-89 


sinusoidal  or  triangular  waveforms, 
R=0.25 


The  most  obvious  reason  for  this  exception  to  the  majority  of  results  is  the  higher 
oxygen  content. 

In  almost  all  cases,  for  lower  temperatures,  when  the  length  of  the  rising  part  of 
the  load  cycle  exceeds  some  limiting  value  between  1  and  60  secs  an  environment 
assisted  crack  growth  acceleration  is  seen.  The  reason  for  the  only  exception  (Fig.  36, 
Ref.  58)  showing  low  crack  growth  rate  with  a  60  sec  ramp  is  not  known;  the  authors  of 
Ref.  58  speculate  that  the  explanation  can  be  found  in  the  higher  than  typical  initial  4K 
value  and  subsequent  crack  growth  reversals.  According  to  results  summarized  in  Table 
3,  increasing  ramp  times  or  decreasing  frequencies  do  not  decrease  the  enhancement  of 
the  crack  growth  rates  in  the  PWR  (low-oxygen)  environment  at  the  low  temperature. 
However,  Atkinson  and  Lindley  [10,11]  report  that  a  peak  enhancement  occurs  between 
0.1  and  0.01  Hz  in  3  ppm  0„  containing  water.  The  reason  for  this  behavior  will  be 
discussed  in  the  section  on  models  for  environment  assisted  cyclic  crack  growth. 

The  test  results  produced  at  the  reactor  operating  temperature  using  low  load 
ratios  (less  than  0.22)  show  rather  controversial  behavior.  It  is  evident  that  the 
sinewave  loading  with  intermediate  frequency  ( ~  17  mHz)  produces  the  most  acceler¬ 
ated  data.  Two  exceptions  are  Westinghouse  4T-CT  specimens  (Figs.  32  and  33,  Ref. 
53,57).  The  Westinghouse  authors  speculate  that  the  thickness  of  the  specimen  results 
in  crack  tip  environments  of  substantially  different  character  from  those  of  thinner 
specimens.  Also,  during  the  testing  of  the  second  4T-CT  specimen  several  test 
interruptions  occured,  introducing  crack  growth  retardations,  which  might  confuse  the 
results.  The  results  with  lower  frequencies,  although  still  in  the  high  regime,  appear  to 
be  less  accelerated  than  17  mHz  results,  indicating  the  trend  that  rising  parts  of  the 
load  cycle  which  are  longer  than  some  critical  value  of  about  17  mHz  allow  less 
environmental  assistance. 

This  is  not  true  for  the  BWR  water  chemistry,  however.  The  early  General 
Electric  [19,20]  and  JAERI  [3,6,7]  results  show  increasing  crack  growth  rates  with 
decreasing  frequency,  the  lowest  test  frequency  applied  being  0.62  mHz  and  1.7  mHz 
respectively.  The  obvious  variable  accounting  for  this  behavior  is  the  higher  oxygen 
content  of  BWR  water  chemistry  and  subsequent  change  in  the  corrosion  fatigue 
mechanisms.  This  will  be  discussed  in  the  following  section. 

The  use  of  trapezoidal  waveforms  produces  the  most  controversial  results.  At 
NRL,  intermediate  ramp  times  which  are  roughly  equivalent  to  the  rising  part  of  the  17 
mHz  sinewave  have  produced,  with  one  exception,  crack  growth  rates  in  the  low  regime 
(Fig.  5b  and  c,  refs.  35,36),  but  at  Westinghouse  some  results  of  similar  tests  are  in  the 
high  regime  (Fig.  47,  Ref.  62).  The  NRL  specimens  are  A508-2  steel  whereas  the 
Westinghouse  results  are  from  a  weld  metal.  Generally  a  tendency  toward  slightly 
higher  cyclic  crack  growth  rates  in  welds  can  be  seen  throughout  the  results. 

The  long  ramp  times  ( >60  secs)  with  and  without  hold  time  produce  some  data 
sets  in  both  the  low  and  high  category.  Even  crack  growth  rates  starting  definitely  in 
the  high  regime  and  then  reversing  to  the  lower  category,  or  totally  arresting,  are  also 
seen  (Figs.  30,  34,  and  38,  Refs.  58-61).  With  these  ramp  times  no  definite  pattern 
between  materials  is  evident:  base  metal  of  different  heats,  HAZ  and  weld  metal  tests 
all  produce  results  in  both  regimes.  An  interlaboratory  difference  seems  to  exist:  only 
one  of  the  nine  such  data  sets  generated  at  NRL  belongs  to  the  high  regime  whereas  the 
Westinghouse  results  belong  about  evenly  in  both  categories;  the  previously  mentioned 
three  widely  varying  data  sets  (Figs.  30,  34  and  38)  are  all  Westinghouse  results. 

An  explanation  for  this  behavior  may  be  sought  from  the  water  chemistry, 
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particularly  from  the  dissolved  oxygen  content.  An  indication  of  this  explanation  is 
seen  in  the  BWR  results,  where  both  intermediate  and  long  ramp  times  produce  data  in 
the  high  region,  i.  e.  when  dissolved  oxygen  is  present,  no  depression  of  crack  growth 
rates  back  to  the  air  line  has  occurred  even  with  increasing  ramp  times  plus  the 
addition  of  long  hold  times  (Fig.  77  (GE  spec.  CP-2),  Ref.  29).  Thus  it  is  possible  that  in 
some  cases  the  water  used  at  Westinghouse  initially  has  had  relatively  high  dissolved 
oxygen  content  (hundreds  of  ppbs),  which  has  produced  the  initially  high  crack  growth 
rates.  The  dissolved  oxygen  is  usually  consumed  gradually  by  oxidation  reactions,  thus 
during  the  longer  tests  a  decrease  back  to  the  lower  regime  will  occur.  However,  no 
water  chemistry  data  to  support  this  speculation  has  been  published. 

However,  the  above  considerations  do  not  explain  all  the  discrepancies  seen  in  the 
long  ramp  data.  Three  NRL  specimens  showing  different  behavior  for  a  60  sec 
ramp/reset  waveform  were  tested  in  a  multispecimen  assembly  i.e.,  they  were  tested 
simultaneously  and  their  testing  conditions  were  equal  (Figs.  6,  7  and  8,  Ref.  36).  Weld 
metal  and  [date  specimens  in  this  test  assembly  produced  data  in  the  low  regime,  but  a 
forging  steel  specimen  (A508-2)  exhibits  data  in  the  upper  bound  of  the  high  category. 
It  is  important  to  note  that  this  base  metal  specimen  was  from  a  different  heat  of 
A508-2  than  those  previously  tested  (Fig.  46,  Ref.  34,40),  which  produced  data  in  the 
low  regime.  In  this  case  a  possible  explanation  is  that  the  particular  heat  of  A508-2 
was  more  susceptible  to  the  environmental  effect,  possibly  for  reasons  such  as  larger 
impurity  content  or  other  metallurgical  factors. 

If,  for  PWR  water  chemistry,  the  sinewave  and  trapezoidal  loading  conditions  are 
compared,  it  is  evident  that  sinewave  testing  produces  more  acceleration  in  the  cyclic 
crack  growth  rate.  An  NRL  test  involving  22  sec  ramp  4  sec  hold  was  intended  to 
simulate  the  sinewave,  but  the  results  definitely  belong  in  the  low  regime  (Fig.  5c,  Ref. 
36).  One  possible  explanation  for  this  difference  may  be  the  varying  rate  of  change  of 
crack  tip  opening  in  the  sinewave  loading  as  compared  to  the  monotonic  change 
produced  by  ramp  time  tests.  This  will  be  further  discussed  in  the  mechanisms  section. 
For  BWR  water  conditions  only  very  few  data  sets  are  available  for  comparison,  but 
obviously  any  diffrences  are  less  pronounced  than  those  for  PWR  conditions. 

Results  from  tests  utilizing  high  load  ratio  (>0.5)  are  only  available  at  high 
temperatures.  If  the  rising  part  of  the  load  cycle  is  sufficiently  long  (frequency  >1  Hz), 
the  resulting  crack  growth  behavior  resides  in  the  high  category,  above  the  ASME  Code 
Section  XI  water  default  line,  within  the  range  of  the  other  variables  investigated.  The 
general  trend  of  this  data  is  also  shown  in  Fig.  1.  The  crack  growth  rate  increases 
drastically  at  small  AK  values  (around  10  MPaVm)  but  bends jjver  towards  the  air  line 
after  reaching  crack  growth  rate  values  greater  than  about  10  mm/cycle.  There  are, 
however,  exceptions  to  this  general  behavior,  although  most  of  the  data  resides  in  the 
shaded  area  shown  in  Fig.  1.  In  the  case  of  PWR  environment  these  exceptions  are 
generated  in  weld  metal  or  HAZ  testing.  In  three  cases  the  test  results  started  along 
the  general  trend,  but  an  abrupt  reversal  soon  occured,  leading  to  obvious  crack  arrest 
(Figs.  49,  51,  and  52,  Refs.  50,  55  and  62).  In  three  other  cases  the  converse  behavior  is 
seen:  the  crack  growth  started  with  a  very  high  crack  growth  rate  value,  showed  a 
strong  retardation  and  then  increaseed  rapidly  (Figs.  52,  53  and  57,  Ref.  62).  As  all 
these  data  sets  are  either  from  weld  metal  or  HAZ,  it  seems  possible  that  that  the 
observed  behavior  is  due  to  the  inhomogeneous  structure  seen  by  the  advancing  crack 
tip.  The  Rolls-Royce  data  (Figs.  60  and  61,  Ref.  17),  which  differs  considerably  from 
the  Westinghouse  data,  was  acquired  in  tests  which  involved  several  changes  in  test 
frequency  and  load.  This  is  known  to  cause  transients  and  crack  growth  retardations 
[88] ,  which  is  probably  the  reason  for  this  discrepancy. 
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For  the  higher  load  ratios,  the  behavior  in  the  BWR  environment  does  not  differ 
from  that  in  the  PWR  environment.  However,  an  additional  feature  pertaining  to  the 
BWR  environment  is  worth  reemphasizing.  When,  in  the  later  stages  of  a  ramp  time 
test,  an  extended  hold  period  was  introduced,  a  rapid  retardation  and  subsequent  arrest 
of  the  crack  growth  occured  (Fig.  77,  Ref.  29).  Those  authors  (Ref.  29)  could  not 
suggest  any  explanation  for  the  behavior. 

The  few  room  temperature  water  data  sets  included  in  this  review  follow  the 
same  general  trends  as  the  higher  temperature  data.  Increasing  the  load  ratio 
introduces  the  environmental  effect,  but  the  crack  growth  enhancement  is  much 
smaller  than  at  higher  temperatures  (Fig.  62-63,  Ref.  15).  An  increased  pH  also  causes 
an  accelerated  crack  growth  rate  (Fig.  65,  Ref.  16). 

In  the  preceding  presentation  of  the  data  the  main  effects  of  the  principal  variables 
have  been  discussed.  Some  additional  information  can  be  obtained  in  the  published 
literature.  A  few  results  have  been  published  detailing  the  effect  of  temperatures 
between  the  two  considered  here  (93°C  and  288°C).  According  to  these,  the  greatest 
enhancement  in  cyclic  crack  growth  in  water  environment  occurs  around  200°C,  i.  e. 
between  the  cool-down  and  operating  temperatures  [2,7],  This  is  consistent  with  the 
general  corrosion  behavior  of  the  steels  in  question  [2] .  The  effect  of  the  dissolved 
oxygen  content  in  the  BWR  environment  has  been  studied  (200  ppb  versus  7  ppm),  the 
results  indicating  no  significant  difference  [29] .  However,  studies  concerning  the 
effect  of  lower  oxygen  contents  (5-200  ppb)  have  not  been  conducted.  Some  tests 
utilizing  two  superposed  waveforms  have  been  conducted,  but  their  results  have  not 
been  published  in  the  da/dN  vs  AK  form  [68] .  Two  variables  which  are  not  very  often 
mentioned  are  the  effect  of  the  specimen  orientation  and  the  inclusion  content  of  the 
material.  As  these  are  known  to  affect  the  air  results  [76-78]  and  the  stress  corrosion 
behavior  [89] ,  it  seems  likely  that  they  will  influence  also  the  environmentally  assisted 
cyclic  crack  growth  rates. 

It  is  also  apparent  that  microstructure  has  some  effect  on  the  environmental 
cyclic  crack  growth  rate  enhancement.  This  is  seen  especially  in  the  weld  metal  and 
HAZ  samples,  as  stated  previously,  which  have  inhomogeneous  microstructure  and 
consequently  show  transients  in  the  crack  growth  results.  The  BWR  environment, 
together  with  high  A  K  values,  exhibits  results  showing  a  considerable  influence  of 
microstructure  [7,8] .  In  coarse  grain,  as  opposed  to  fine-grain  HAZ  structure,  an 
enhancement  of  the  crack  growth  rate  occurs  whereas  in  untempered  martensitic 
structure  a  relative  retardation  is  evident  (Fig.  88,  Refs.  7,  8). 

The  observed  trends  which  have  been  described  in  this  section  can  be  summarized 
as  follows: 

(a)  For  low-temperature,  deoxygenated  water  (PWR  conditions),  high-frequency 
(51  Hz)  or  short  rise  time  (~1  sec)  waveforms  and  low  load  ratios,  produce 
data  on  or  near  the  ASME  air  default  line.  Longer  rise  time  ( >60  sec) 
components  lead  to  higher  crack  growth  rates,  approaching,  but  seldom 
exceeding  the  ASME  water  default  line. 

(b)  For  high-temperature,  deoxygenated  water  (PWR  conditions),  high- 
frequency  (  >  1  Hz)  or  short  rise  time  (  ~  1  sec)  waveforms,  and  low  load 
ratios,  produce  data  on  or  near  the  ASME  air  default  line.  Mid-range 
frequency  (  —  17  mHz  (  ~  1  cpm)  )  sinusoidal  waveforms  result  in  higher 
crack  growth  rates,  which  bend  over  toward  the  air  line  at  higher  AK,  or 
higher  growth  rate  values.  Waveforms  with  long  ramp  times  (  >  300  secs) 
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produce  data  on  the  air  default  line.  There  appears  to  be  a  tendency  for 
long-period  sinusoidal  waveforms  (  >  L7  mHz)  to  also  depress  the  growth 
rates,  but  this  trend  is  not  as  dear-cut  as  the  companion  trend  for  ramp- 
hold  type  waveforms. 

(c)  For  high-temperature,  deoxygenated  water  and  high  load  ratios,  the  data 
trends  or  functions  of  waveform  and  frequency  are  not  as  well  developed  as 
for  low  load  ratios.  The  bulk  of  the  data  dusters  just  above  the  water 
default  line.  Due  to  the  large  scatter  in  data  due  to  start-up  transients,  the 
lower  AK  data  is  rather  poorly  defined.  Data  for  sinusoidal  waveforms 
exhibits  the  same  bend-over  phenomenon  as  did  similar  data  at  low  load 
ratios,  trending,  in  this  case,  toward  the  water  default  line.  On  the  average, 
sawtooth  waveforms  produce  data  residing  slightly  below  sinusoidal  data  of 
equivalent  period. 

(d)  For  high-temperature,  oxygenated- water  (BWR  conditions),  the  data  are 
more  monotonically  dependent  on  load  ratio  and  cycle  time.  For  higher 
frequencies  and  low  load  ratios  (1  Hz  and  0.2,  resp.)  the  data  resides  between 
the  ASME  air  and  water  default  lines,  and  increase,  with  decreasing 
frequency,  to  reach  the  water  line.  For  high  load  ratios,  the  test 
frequencies  near  1  Hz  yield  data  on  or  near  the  water  line,  and  lower 
frequencies,  or  comparably  longer  ramp  times  yield  data  which  increases 
from  that  trend. 

(e)  Within  the  above  trends  for  BWR  tests  (Item  (d)),  the  effect  of  increased 
dissolved  oxygen  content  seems  to  be  to  increase  crack  growth  rates.  The 
reader  should  be  aware  that  adequately  controlling  and  monitoring  higher 
dissolved  oxygen  contents  (  >  100  ppb)  is  somewhat  difficult  in  small 
laboratory  test  systems,  and  the  dependence  of  the  data  on  oxygen  content 
should  be  considered  in  light  of  this  possible  variability. 

As  stated  in  the  introduction,  the  majority  of  these  data  sets  have  been  published 
after  the  adoption  of  the  ASME  Code  Section  XI  upper  bound  limits.  It  is  now  evident 
that  virtually  all  the  high  load  ratio  data  resides  above,  i.  e.  on  the  unconservative  side 
of  the  water  default  line.  The  low  load  ratio  data,  with  a  few  exceptions,  (for  example- 
Figs.  18,  57  and  70)  resides  under  that  limit.  Thus  a  definite  need  for  re-evaluation  of 
the  code  limits  has  arisen  [12,  65,  68] .  Whether  this  re-evaluation  will  adopt  limits 
based  on  the  upper  bound  or  the  mean  of  the  data  remains  to  be  seen.  The  current 
absence  of  low  A  K  data  will  also  introduce  difficulties  in  the  re-evaluation.  In 
addition  it  should  be  kept  in  mind  that  the  present  results  are  based  on  tests  conducted 
with  rather  small  test  specimens.  Whether  the  electrochemical  conditions  are  the  same 
inside  a  flaw  in  the  real  structure  is  an  open  question. 

MODELS  FOR  ENVIRONMENT  ASSISTED  CYCLIC  CRACK  GROWTH 

Two  basic  mechanisms,  dissolution  assistance  and  hydrogen  assistance,  have 
generally  been  proposed  to  explain  environmentally  enhanced  crack  growth  in  simulated 
PWR  and  BWR  environments  [16,40,41,67] .  In  the  former  process  the  advancement  of 
the  crack  is  assisted  by  removal  (dissolution)  of  the  metal  at  the  crack  tip  whereas  in 
the  latter  process  the  mechanical  separation  at  the  crack  tip  is  facilatated  by  hydrogen 
embrittlement. 

In  aqueous  environments,  the  electrochemical  conditions  at  the  crack  tip  during 
both  sustained  and  cyclic  loading  have  been  shown  to  be  independent  of  the  bulk 
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electrochemistry.  Under  a  free  corrosion  potential,  the  pH  is  found  to  be  in  the  acidic 
regime,  regardless  of  the  bulk  dissolved  oxygen  content  [90-93] .  Under  these 
circumstances  an  anodic  reaction  involving  metal-surface  dissolution  occurs  at  the 
crack  tip.  This  must  be  balanced  by  a  corresponding  cathodic  reaction,  and  this 
reaction  takes  place  either  on  the  crack  sides  or  on  the  external  surface.  In  the 
absence  of  dissolved  oxygen  the  cathodic  reaction  involves  the  reduction  of  hydrogen 
ions  to  atomic  hydrogen,  which  can  then  enter  the  metal.  When  dissolved  oxygen  is 
present  in  the  bulk  water,  another  cathodic  reaction  can  occur  on  the  external  surface, 
i.  e.  the  reduction  of  dissolved  oxygen  to  hydroxyl  ions.  This  reaction  cannot  occur,  or 
occurs  to  a  lesser  degree,  near  the  crack  tip,  where  the  solution  is  nearly,  or  totally 
deoxygenated. 

Thus  two  processes  can  enhance  the  crack  growths  anodic  dissolution  at  the  crack 
tip  and/or  hydrogen  embrittlement  of  the  metal  in  front  of  the  advancing  crack.  The 
authors  of  this  review  favor  the  latter  mechanism,  and  our  opinion  is  based  primarily  on 
the  copious  fractographic  evidence  [43,45,67,93,94,95,96].  In  the  following,  the 
hydrogen  assistance  mechanism  is  briefly  reviewed  and  adapted  to  the  general  trends  of 
the  environmental  enhancement  in  cyclic  crack  growth  rate. 

Hydrogen  evolution  occurs  only  during  rise  time  of  the  fatigue  cycles  as  fresh 
metal  surface  at  the  advancing  crack  tip  is  exposed  to  the  environment.  Hydrogen  can 
subsequently  enter  the  metal  provided  certain  requirements,  concerning  adequate 
surface  reaction  time,  competing  repassivation  and  possibly  adequate  fresh  surface 
area,  are  met.  Once  the  hydrogen  has  entered  the  metal,  it  diffuses  along  the  stress 
gradient  towards  the  region  of  high  triaxial  stress  just  ahead  of  the  crack  tip.  The  bulk 
diffusion  rate  at  the  elevated  temperatures  in  question  is  high  enough  to  allow,  within 
seconds,  an  excess  concentration  of  hydrogen  in  the  plastic  enclave  [120] . 

The  presence  of  hydrogen  in  the  plastic  enclave  introduces  a  macroscopic 
embrittling  effect  and  a  subsequent  increase  in  cyclic  crack  growth  rate.  Considering 
the  basic  mechanisms  of  the  microscopic  hydrogen  effects  [see  reviews  -Refs.  97-101] ,  a 
great  controversy  is,  however,  apparent.  In  his  recent  review  Thompson  concludes  that 
hydrogen  can  affect  fracture  when  its  concentration  in  a  certain  volume  reaches  a 
critical  level,  and  that  all  the  fracture  modes  can  be  affected. 

At  the  present  time  no  preference  to  the  various  hydrogen  assistance  models  can 
be  expressed.  The  following  text  presents  some  proposed  mechanisms,  which  appear  to 
be  relevant  when  considering  the  explanation  of  the  observed  behaviorism.  It  has  been 
shown  that  hydrogen  impedes  the  dislocation  motion,  i.  e.,  increases  the  flow  stress  in 
the  plastic  zone  [97-100,102] .  This  in  turn  results  in  a  smaller  plastic  zone  size  [103-104] 
and  in  a  lower  crack  closure  load,  i.  e.  larger  effective  A  K  (at  least  in  the  lower  A  K 
region);  producing  an  accelerated  crack  growth  rate  [105-106].  On  the  other  hand, 
Beachem  [107,108]  has  suggested  a  contradictory  model  according  to  which  hydrogen 
reduces  the  local  stress  required  for  dislocation  motion.  Also,  Hirth  and  Johnson  [97] 
have  stated  that  in  the  case  of  void  coalescence  and  a  fixed  plastic  zone  size  such  a 
lower  local  yield  stress  would  indeed  give  a  lower  stress  intensity  for  crack  propagation. 

Another  approach,  based  on  continuum  mechanics  models,  states  that  a  delicate 
balance  exists  at  a  crack  tip  between  cleavage  and  plastic  deformation  in  ferritic  iron 
alloys  [109-111] .  Hydrogen  may,  by  forming  surface  hydrides  [109,110] ,  or  by  lowering  the 
surface  energy  [112] ,  or  the  cohesive  energy  [113-116] ,  suppress  plastic  deformation  and 
hence  favor  cleavage  fracture. 
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Hydrogen  Embrittlement  Mechanism  at  93°C 

The  results  presented  earlier  show  that  a  waveform  composed  of  a  fast  rise  time 
(of  the  order  of  1  second)  followed  by  a  hold  time  does  not  accelerate  the  crack  growth 
rate  significantly  above  the  ASME  Section  XI  air  line  (see  Table  3).  The  explanation  for 
the  general  absence  of  environmental  effect  at  such  comparatively  high  frequencies 
may  be  sought  from  the  passivation  behavior  of  the  fresh  metal  surface  at  the  crack  tip 
and  the  subsequent  possibilities  of  hydrogen  absorption  and  transport.  Using  a  slow 
strain  rate  test  method,  it  has  been  shown  that  a  maximum  influence  of  the 
environment  is  observed  over  a  critical  range,  and  the  susceptibility  decreases  at  faster 
and  slower  strain  rates  [117-119].  For  a  corrosion  fatigue  test  at  high  frequencies, 
corresponding  to  larger  strain  rates  in  constant  strain  rate  testing,  the  interaction  of 
the  exposed  metal  with  the  environment  is  of  no  consequence,  because  the  rate  at 
which  the  metal  fails  by  ductile  fracture  exceeds  the  rate  at  which  the  environment  can 
affect  fracture  via  any  of  the  possible  mechanisms  (dissolution,  hydrogen  embittlement 
or  absorption  of  damaging  species). 

Because  there  is  opportunity  for  hydrogen  generation  and  subsequent  entry  into 
the  metal,  a  long  rise  time,  with  or  without  a  hold  time,  produces  an  accelerated 
growth  rate.  The  passivation  at  the  frequencies  used  is  not  rapid  enough  to  prevent  this 
hydrogen  entry.  The  contradictory  behavior  observed  by  Atkinson  and  Lindley  [10,11] 
showing  retardation  of  crack  growth  rate  enhancement  with  extensive  ramp  times  is 
difficult  to  explain.  The  relatively  high  dissolved  oxygen  content  in  their  water 
environment  may  be  of  some  consequence,  however,  as  will  be  discussed  later,  this 
normally  leads  to  the  opposite  effect.  Another  possibility  is  that  at  this  temperature 
range  the  presence  of  oxygen  accelerates  the  cathodic  reaction  based  on  the  reduction 
of  dissolved  oxygen.  This  has  to  subsequently  accelerate  the  corresponding  anodic 
reaction,  i.  e.  more  pronounced  dissolution  at  the  crack  tip  may  occur  causing  crack  tip 
blunting  and  crack  growth  rate  retardation.  This  kind  of  behavior  has  been  suggested  by 
Kondo  and  co-workers  [2-7]  and  Radon  and  co-workers  [121] . 

Hydrogen  Embrittlement  at  288°C 

As  in  the  case  at  93°C,  high  frequencies,  i.  e.  short  rise  times  (of  the  order  of  1 
sec),  do  not  allow  the  accelerating  effect  of  environment.  At  lower  frequencies,  the 
formation  of  a  passivating  film  can  inhibit  the  entry  of  hydrogen  at  the  crack  tip.  This 
film  can  be  formed  provided  the  rates  of  the  anodic  and  cathodic  reactions  are 
sufficiently  slow,  as  would  be  the  case  in  completely  deoxygenated  water  (PWR 
conditions)  and  provided  that  the  crack  tip  straining  rate  is  rather  monotonic,  as  in 
trapezoidal  load  waveform  testing.  On  the  contrary,  in  the  sinewave  load  testing,  the 
continuous  changes  in  the  crack  tip  straining  rate  may  prevent  the  passive  film 
formation  and  hence  facilitate  the  hydrogen  entry  and  subsequent  crack  growth 
enhancement.  If  the  frequency  is  lowered  sufficiently,  however,  the  film  formation 
may  occur,  thus  preventing  the  hydrogen  entry. 

As  stated  earlier,  in  the  presence  of  dissolved  oxygen  (BWR  conditions)  the 
reaction  rates  may  again  be  higher.  This  may  facilitate  pronounced  hydrogen  evolution 
even  with  longer  ramp  times,  which  in  turn  will  result  in  the  accelerated  crack  growth 
rates  seen  in  BWR  results  at  these  frequencies.  As  the  dissolution  rate  increases  it  is, 
however,  difficult  to  understand  why  no  crack  tip  blunting  and  subsequent  lowering  of 
the  crack  growth  rates  will  occur,  as  was  discussed  in  connection  with  the  lower 
temperature  results. 

As  the  graphical  presentation  of  the  data  shows,  the  applied  A  K  values 
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considerably  influence  the  environmental  enhancement  of  the  crack  growth.  The 
results  generated  so  far  indicate  crack  growth  rates  at  low  A  K  values  reside  near  the 
ASME  Section  XI  air  default  line,  but  this  behavior  may  be  connected  with  the  start-up 
of  the  test  only.  The  formation  of  a  stable,  and  more  acidic  environment  in  the  crack 
tip  may  require  a  prolonged  time,  after  which  the  environmental  influence  may  be  seen. 

At  intermediate  A  K  levels  for  which  the  acidic  crack  tip  environment  has  been 
established,  enough  hydrogen  is  generated  and  absorbed  to  produce  crack  growth 
enhancement.  This  enhancement  is  related  to  the  plastic  zone  size.  In  the  high  load 
ratio  tests  the  acceleration  starts  with  lower  AK  values,  but  at  comparable  crack 
growth  rate  values  for  both  high  and  low  load  ratio  tests  showing  accelerated  crack 
growth  rates,  the  plastic  zone  sizes  are  roughly  equal. 

At  higher  A  K  values,  depending  again  on  the  load  ratio,  a  bendover  or  plateau, 
i.e.,  a  retardation  of  the  environmental  influence  is  seen  when  a  comparable  plastic 
zone  size  is  achieved.  This  apparently  occurs  because  at  this  stage  the  crack  growth 
rate  exceeds  the  rate  of  evolution  of  hydrogen  and  therefore  the  critical  hydrogen 
content  needed  for  the  embrittling  effect  cannot  be  achieved  [67] .  Also,  the  altered 
electrochemical  conditions  associated  with  the  increased  surface  area  generated  during 
the  higher  crack  growth  rate  might  change  the  potential,  causing  a  more  anodic  state 
[90] ,  with  the  consequence  that  the  level  of  surface  hydrogen  release  decreases  [121] . 
Thus,  at  higher  A  K  values  the  crack  growth  rate  is  so  fast  that  it  overcomes  the 
hydrogen  generation  and  absorption  into  the  plastic  enclave  [57] . 

Fractography  and  Metallography 

The  fractography  and  metallography  performed  strongly  supports  the  hydrogen 
embrittlement  model  [16,  40,  41,  67] .  Typical  features  of  specimens  showing  no 
environmental  influence  in  water  as  well  as  in  air  are  a  trans granular  fracture  path, 
coupled  with  ductile  striations  and  dense  microcracking  or  branching.  When  acceler¬ 
ated  crack  growth  rates  are  observed,  the  fracture  mode  changes  at  the  lower 
temperatures  to  cleavage-like  with  no  striations.  Some  intergranular  fracturing  is  seen 
and  branching  is  not  evident  [40,41] .  At  the  higher  temperature  the  striations  are  of 
the  brittle  type  [16,  40,  41,  122]  and  features  typical  of  hydrogen  assisted  stress 
corrosion  cracking  can  be  seen  [40,41] .  When  the  bendover  occurs,  the  fracture  mode 
transforms  or  reverts  to  a  more  ductile  type  and  extensive  branching  is  observed  [40] . 

Reportedly,  the  fractographic  features  also  depend  on  the  material  being  tested. 
Contrary  to  the  features  reviewed  above,  the  mechanism  of  fatigue  crack  growth  in  the 
weld  specimens  is  void  coalescence,  independent  of  the  environmental  influence  [67] . 
The  large  number  of  coarse  carbides  in  the  weld  specimens  is  suggested  to  be  sufficient 
to  influence  the  void  nucleation  process  and  explain  the  occurrence  of  this  mechanism 
of  crack  propagation.  As  discussed  by  Thompson  [99] ,  hydrogen  may  enhance  the  rate 
of  microvoid  formation  and  growth  and  thus  introduce  the  crack  growth  rate  acceler¬ 
ation. 


When  test  interruptions  or  other  abrupt  changes  in  applied  load  or  frequency  have 
occurred,  this  can  be  readily  seen  in  the  fractography.  These  occurrences  introduce 
major  crack  branches,  which  can  explain  the  observed  transients  and  reversals  in  the 
crack  propagation  data  [26-28] .  The  crack  growth  retardation  after  long  test 
interruptions,  when  the  specimen  has  been  taken  out  of  water,  are  perhaps  due  to  the 
long  period  required  to  re-establish  the  acidic  crack  tip  environment  necessary  for 
hydrogen  evolution. 
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AREAS  OF  FUTURE  WORK 


With  the  consideration  of  this  report  in  mind,  there  are  a  number  of  areas  which 
will  require  research  in  order  to  provide  mechanistic  understanding  of  the  phenomena, 
or  to  assist  in  providing  engineering  applicability  for  this  data.  Tests  with  higher  load 
ratios  (  >  0.7)  and  applied  A  K  values  approaching  threshold  will  need  to  be  carried  out, 
especially  for  piping  materials,  and,  based  on  these  results,  tests  with  complex  load 
spectra  may  follow.  The  effects  of  neutron  irradiation  damage  have  not  been 
ascertained.  If  studies  of  irradiated  pressure  vessel  steels  indicate  that  the  useful  life 
of  reactors  may  be  extended,  by  annealing  the  vessel  so  as  to  recover  some  of  the 
properties  degraded  by  irradiation,  then  FCGR  tests  of  irradiated,  annealed  and 
reirradiated  steels  will  have  to  be  conducted.  The  interrelationship  of  stress-corrosion 
cracking  under  static  load  and  corrosion  fatigue  crack  growth  needs  to  be  better 
understood.  In  order  to  better  understand  the  mechanistic  basis,  tests  involving 
measurement  of  electrochemical  potential  changes  during  fatigue  cycling  may  lead  to 
an  understanding  of  the  corrosion  kinetics.  The  clear  delineation  of  the  micro- 
mechanistic  differences  arising  from  boiling  water  reactor  chemistry  as  opposed  to 
pressurized  water  reactor  chemistry  has  not  yet  been  accomplished.  Similarly  tests  at 
intermediate  temperatures  (between  100  and  300°C),  or  with  dissolved  oxygen  contents 
somewhere  between  PWR  and  BWR  conditions  (2  to  200  ppb)  may  also  assist  in  the 
mechanistic  evaluation. 

When  collected  together,  this  seems  like  a  rather  significant  quantity  of  data. 
However,  much  of  it  is  somewhat  preliminary  in  nature,  having  been  produced  at 
laboratories  just  beginning  high-temperature,  pressurized  water  FCGR  research.  Even 
among  those  laboratories  with  a  significant  amount  of  experience  in  this  field,  many  of 
the  data  sets  are  fraught  with  difficulties— servo-hydraulic  and  mechanical  problems, 
temperature  and  pressure  control  outages  and  interruptions  for  data  acquisition 
purposes  or  other,  often  unexpected  transients.  As  with  most  scientific  endeavors, 
there  will  come  a  time  when  successful  completion  of  these  experiments  will  become 
commonplace  and  data  can  be  considered  to  be  far  more  reliable  and  reactor- typical. 

We  authors  do  caution  against  unadvised  use  of  this  data.  In  each  case,  it  would 
seem  appropriate  and  prudent  to  make  a  judgement  about  the  integrity  of  a  particular 
data  set  before  using  it  in  calculations,  or  for  modeling  purposes  or  other  types  of 
sensitive  analysis.  Some  key  points  to  check  for  would  be: 

(a)  The  accuracy  of  crack  length  determination,  coupled  with  the  practice  and 
accuracy  of  any  post-test  corrections  to  the  crack  length. 

(b)  The  practice  of  correcting  the  applied  load  for  seal  friction  losses  and  changes 
in  the  internal  water  pressure. 

(c)  The  care  and  accuracy  with  which  the  water  chemistry  was  regulated. 
Especially  important  is  the  accuracy  of  the  dissolved  oxygen  content  regulation 
and  measurement. 

(d)  The  material  parameters  and  their  effect  on  the  data.  A  sensitive  study  of 
heat-to-heat  differences  has  not  been  undertaken,  but  as  pointed  out  in  the  text, 
microstructure  is  known  to  have  an  effect  on  FCGR. 

CONCLUSIONS 

Although  it  is  extremely  difficult  to  assimilate  the  significance  of  each  one  of 


rt»;»Hi«ifTii 


these  data  sets,  some  overall  trends  and  conclusions  have  emerged  as  we  have  gathered 
together  these  data. 

1.  For  the  lower  load  ratios  (R  <  0.2)  the  FCGR  data  resides  below  the  ASME 
water  default  line,  with  only  minor  exceptions  in  which  some  data  acquired  just  after 
test  start-up  has  briefly  surmounted  the  water  default  line. 

2.  For  the  higher  load  ratios  (R  >  0.5)  most  of  the  data  lies  above  the  ASME 
water  default  line. 

3.  As  a  category,  the  17  mHz  (1  epm)  sinewave  tests  reside  consistently  higher 
than  tests  of  other  frequencies  and  other  waveforms,  for  both  low  and  high  load  ratios. 

4.  For  the  PWR  (low-oxygen)  environment,  long-period  waveforms  apparently 
depress  crack  growth  rates.  For  BWR  (higher  oxygen)  environments,  the  crack  growth 
rates  monotonically  increase  with  increasing  cycle  period.  This  suggests  a  basic 
micromechanistic  difference  attributable  to  the  two  environments. 

5.  There  are  some  important  areas  for  future  research.  FCGR  for  threshold, 
or  near-threshold  AK  values,  as  a  function  of  load  ratio,  need  to  be  determined.  Along 
with  this,  the  effects  of  start-up  and  thermal  cycling  transients  need  also  to  be 
established,  since  many  of  the  data  sets  included  in  this  report  exhibit  what  appear  to 
be  growth  rate  transients,  especially  at  the  beginning  of  the  test,  when  the  AK  is 
lower,  the  effect  of  these  transients,  and  whether  they  would  recur  for  successive 
start-ups  should  be  determined.  Testing  with  combined  waveforms,  (i.e.  variable 
amplitude,  variable  frequency  tests)  will  result  in  a  data  generated  under  more  realistic 
conditions;  the  interrelationship,  if  any,  between  fatigue,  and  stress  corrosion  cracking 
should  be  established,  and  fatigue  tests  at  intermediate  temperatures  should  be  carried 
out  to  better  address  the  question  of  the  effects  of  thermal  transients. 
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Fig.  1.  The  plotting  grid  used  for  all  data  sets  in  this  review.  The  dashed  lines 
are  taken  from  the  ASME  Boiler  and  Pressure  Vessel  Code-Section  XI.  Shown 
on  the  grid  are  the  three  basic  growth  rate  regimes  inside  which  almost  all  the 
results  presented  in  this  report  reside.  The  high  and  low  categories  for  R  <0.5 
are  generalizaions  of  the  same  nomenclature  introduced  in  Ref.  40. 
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Fig.  2a.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A508-2  steel  in  93°C  reactor-grade  water-PWR  conditions.  The  short  rise  time 
component  results  in  data  residing  in  the  low  growth  rate  category.  References 
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Fig.  2b.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A508-2  steel  in  pressurized,  high-temperature,  reactor-grade  water  — PWR 
conditions.  As  in  the  lower  temperature  analogous  waveform  results  of  Fig. 
2a.,  the  short  rise  time  results  in  data  residing  in  the  low  growth  rate  category. 
References  34,40. 
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Fig.  3a.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A508-2  steel  in  93°C  reactor-grade  water— PWR  conditions.  These  long-rise¬ 
time  waveforms  all  result  in  data  in  the  high  growth  rate  category.  References 
34-40. 
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Fig.  3b.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A508-2  steel  in  pressurized,  high-temperature  reactor-grade  water— PWR  con¬ 
ditions.  These  data  sets  do  not  show  the  acceleration  of  crack  growth  rates  due 
to  the  increased  ramp  time  component.  References  34,40. 


Fig.  4a.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A508-2  steel  in  93°C  reactor-grade  water— PWR  conditions.  Compared  with 
Fig.  3a.,  this  result  clearly  indicates  that  a  hold  time  component  is  not 
necessary  to  produce  data  in  the  high  growth  rate  category  at  this  temperature. 
The  longer  ramp  times  are  by  themselves  sufficient.  References  34-40. 
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Fig.  5a.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A508-2  steel  in  pressurized,  high-temperature  reactor-grade  water— PWR  con¬ 
ditions.  The  17  mHz  (1  cpm)  sinusoidal  waveform  consistently  produces  data 
sets  residing  in  the  high  growth  rate  category.  See  Figs.11-13, 19-20.  References 
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Fig.  5b.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A508-2  steel  in  pressurized,  high-temperature  reactor-grade  water— PWR  con¬ 
ditions.  This  test  represents  an  attempt  to  model  the  high  growth  rate 
sinewave  results  with  a  waveform  with  a  ramp  time  only  component.  Obvi¬ 
ously,  additional  components  are  necessary,  as  these  results  are  substantially 
lower  than  those  of  Fig.  5a.  Reference  35. 
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Fig.  -5c.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A508-2  steel  in  pressurized,  high-temperature  reactor-grade  water— PWR  con¬ 
ditions.  This  test  was  the  second  in  the  series  aimed  at  representing  sinusoidal 
waveform  behavior  with  various  ramp  time/hold  time  combinations.  The 
combination  above  does  not  result  in  accelerated  crack  growth  rates.  Refer¬ 
ence  36. 


Fig.  6.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A533B-1  steel  in  high-temperature,  pressurized  reactor-grade  water— PWR 
conditions.  This  data  set  resides  in  the  low  crack  growth  rate  category,  as 
expected  from  previous  tests  (see  Fig.  4b.)  Reference  36. 
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Fig.  7.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
submerged  arc  deposited  weld  metal  with  Linde  0091  flux  in  the  high- 
temperature,  pressurized,  reactor  grade  water-PWR  conditions.  As  in  the 
previous  figure,  the  crack  growth  rates  are  quite  low.  Reference  36. 


32 


APPLIED  CYCLIC  STRESS  INTENSITY,  MP«V» 

Fig.  8.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
AS08-2  forging  steel  in  the  high-temperature,  pressurized,  reactor-grade  water 
environment  — PWR  conditions.  Unlike  the  results  for  a  different  heat  of  A508- 
2,  Fig.  4b,  these  data  points  reside  near  the  top  of  the  band  defined  by  the 
ASME  limits.  Reference  36. 
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Fig.  9.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
submerged  arc  weld  metal  with  Linde  0091  flux  in  the  high-temperature 
pressurized  reactor-grade  water  -  PWR  conditions.  These  data  sets  reside  in 
the  high  growth  rate  category  as  expected  for  longer  ramp  time  waveforms  at 
the  lower  temperature.  Reference  34. 
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Fig.  10.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  in  a  high- 
temperature  air  environment.  These  represent  baseline  data  sets,  and  a 
reference  for  much  of  the  data  that  follows.  When  the  corrosive  environment  is 
not  present,  the  data  reside  on  or  near  the  ASME  air  default  line.  References 
40,44. 


FATIGIE  CRACK  GROWTH  RATE,  in. /cycle 


r 


APPLIED  CYCLIC  STRESS  INTENSITY,  ksl-VTnT 
10*  10 1  10* 


Fig.  11.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
AS33B  steel  in  high-temperature,  pressurized,  reactor-grade  water— PWR  con¬ 
ditions.  This  data  basically  agrees  with  most  of  the  17  mHz  sinewave  tests  in 
that  it  resides  rather  high  for  lower  AK  values,  and  trends  toward  the  ASME 
air  line  for  higher  values.  References  43,47. 
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Fig.  12.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A533B  steel  in  high-temperature,  pressurized,  reactor-grade  water— PWR  con¬ 
ditions.  See  Fig.  11.  References  44,45. 
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Fig.  13.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A533B  steel  in  high-temperature,  pressurized,  reactor-grade  water— PWR  con¬ 
ditions.  This  sinewave  period,  twice  that  of  the  data  in  Figs.  11  and  12,  results  in 
somewhat  higher  crack  growth  rates,  but  essentially  the  same  trends  in  other 
respects.  Reference  63. 
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Fig.  14.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A533B  steel  in  high-temperature,  pressurized,  reactor-grade  water— PWR  con¬ 
ditions.  The  high  load  ratio  (0.63)  coupled  with  the  low  frequency  (17  mHz) 
resulted  in  some  of  the  highest  crack  growth  rates  ever  observed  for  these 
materials.  See  also  Figs.  16  and  17.  References  46-48. 
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Fig.  15.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A533B  steel  in  high-temperature,  pressurized,  reactor-grade  water—  PWR  con¬ 
ditions.  In  comparison  with  Figs.  14, 16,  and  17,  the  relatively  lower  crack 
growth  rate  is  due  to  the  higher  test  frequency.  (1  Hz)  References  46-48. 
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Fig.  16.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A533B  steel  in  the  high-temperature,  pressurized  reactor-grade  water  environ- 
ment-PWR  conditions.  As  in  Figs.  14  and  17,  the  low  frequency  and  high  load 
ratio  lead  to  relatively  high  crack  growth  rates.  Reference  49. 
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Fig.  18.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A533B  steel  in  the  high-temperature  pressurized  reactor-grade  water  environ- 
ment-PWR  conditions.  Although  the  test  frequency  is  quite  low  (1.7  mHz)  the 
low  load  ratio  (0.2)  results  in  crack  growth  rates  somewhat  below  the  ASME 
water  default  line.  References  49-63. 
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Fig.  19.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A533B  steel  in  high-temperature,  pressurized  reactor-grade  water  environment- 
PWR  conditions.  For  low  load  ratios  (  '■'0.2),  this  frequency  and  waveform  (17 
mHz  sinusoidal)  consistently  produces  the  highest  crack  growth  rates.  This 
particular  data  set  is,  however,  the  most  accelerated  of  the  class  of  tests. 
Reference  51. 
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Fig.  20.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A533B  steel  in  high-temperature,  pressurized  reactor-grade  water— PWR  en¬ 
vironment.  This  cluster  of  data  is  consistent  with  the  data  set  on  the  previous 
page,  also  of  A533B  of  the  same  heat.Reference  62. 
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Fig.  21.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A533B-1  steel  in  high-temperature,  pressurized  reactor-grade  water-PWR  con¬ 
ditions.  This  and  the  following  data  set  were  produced  by  beginning  with  a  few 
millimeters  of  crack  extension  with  a  relatively  short  period  sinewave,  followed 
by  the  actual  test  at  the  period  (17  mHz)  desired.  The  data  agree,  in  most 
respects,  with  other  similar  data  sets.  Reference  62. 
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.  22.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
18-2  steel  in  high-temperature,  pressurized  reactor-grade  water— PWR  con- 
ons.  See  Fig.  21.  Reference  62. 
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Fig.  23.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A508-2  forging  steel  in  high-temperature,  pressurized  reactor-grade  water— 
PWR  conditions.  This  data  set  is  equivalent  to  Fig.  14  in  conditions  and  results. 
Reference  50. 
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Fig.  24.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A508-2  forging  steel  in  high-temperature,  pressurized  reactor-grade  water— 
PWR  conditions.  Most  of  the  F-and  R-series  of  specimen  code  (both  A508-2 
steel)  in  this  and  the  following  figures  (25-38)  resulted  from  tests  under  the 
NRC  sponsored  preliminary  test  matrix  program  carried  out  by  NRL  and 
Westinghouse.  The  crack  growth  rates  situated  near  the  ASME  air  default  line, 
are  rather  low,  and  result  from  the  short  ramp  time  component.  Reference  54. 


49 


10 

r~ 


10 


-*  L 


o 

>s 

U 

\ 


10' 


£ 

n: 
\ — 

5 

S 

£ 

s 


£  10'V 


10 


-5 


APPLIED  CYCLIC  STRESS  INTENSITY,  ksi-vTnT 
101  10* 


- 1 - 1 — i  t  n  i  rj- 

R508-2  Steel 

288  C  <550  F) 
O  F-3 

1  sec.  ramp 
1  min.  hold 

3  min.  hold 
12  min.  hold 
R  -  0.  1 


I 

Surfaes  Flu  / 
(Hatar)  j 

I 


J _ 1..  1  1 


/ 

jLuL 


~l - 1  -PTTT 1  1/ 

/  / 


8 

Qd 

/ 

/ 


/  Subsurf aoa  Flat* 
/  (R1 r) 


/ 


_L 


J _ I _ I _ L-t-LLi 


10"  101  10‘ 
APPLIED  CYCLIC  STRESS  INTENSITY,  MPa\/m 


H  18' 


IB"4  ■5 


az 

Q£ 


o 

on 

e? 

10  "5  | 
<_> 


y 

o 


H  10 


Fig.  25.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A508-2  forging  steel  in  high-temperature,  pressurized  reactor-grade  water— 
PWR  conditions.  As  in  Fig.  24,  the  short  ramp  time  component  results  in 
relatively  low  crack  growth  rates.  Reference  54. 
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Fig.  26.  Fatigue  crack  growth  rates  vs  applied  cyclic  stress  intensity  factor  for 
A508-2  forging  steel  in  high-temperature,  pressurized  reactor-grade  water  -  PWR 
conditions.  In  this  figure,  the  growth  rates  are  depressed  to  this  relatively  low 
level  by  oxide  formation  at  the  crack  tip,  or  by  diffusion  of  the  hydrogen  out  of 
the  plastic  enclave,  or  both.  Reference  54. 


51 


APPLIED  CYCLIC  STRESS  INTENSITY,  ksi-vTnT 


10 


T' 


10 '2  fc- 


h 

I" 


a 

>s 

a 

\ 


£ 


10  '31- 


& 


ibh[ 


10 


-5 


- r  r 

R508-2 


10 

I  IT  1  TTJ 

Stee  1 


10 

r  T-"r/ 

/  l 


288  C  (550  F) 

Q  F-5 

0.  1  cpm  s i neuave 
R  «=  0.2 


Burfaoa  Flan  / 
(Matar )  j 

/ 

/ 


/ 

/ 


/ 


/ 

/ 


□D 

I 
7 
7 
/ 

/ 

/ 


/ 

/ 


/ 


/ 

/ 


/  Subaurfaoa  Flan 
^  <Rlr> 

/ 

J _ 1 _ I _ I _ I _ Li-i-L  L 


10"  10‘  10' 
APPLIED  CYCLIC  STRESS  INTENSITY,  MPaW 


H  10- 


10 


-4  ~ 
u 
>> 
o 
\ 


QC 

o 


10  ~5 1 

«_> 


M 

t— 

cc 


10' 


Fig.  27.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A508-2  forging  steel  in  high-temperature,  pressurized,  reactor-grade  water— 
PWR  conditions.  This  data,  developed  for  a  very  low  frequency  sinusoidal 
waveform  (1.7  mHz)  is  not  as  accelerated  as  data  for  a  17  mHz  frequency. 
Reference  53. 
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Fig.  28.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A508-2  forging  steel  in  low  temperature,  reactor-grade  water— PWR  conditions. 
For  this  temperature,  the  60  sec.  ramp  time  results  in  a  substantial  acceler¬ 
ation  of  growth  rates.  It  is  likely  that  hydrogen  accumulates  in  the  plastic 
enclave  and  cannot  diffuse  away  at  this  relatively  low  temperature.  Reference 
54. 
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Fig.  29.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A508-2  forging  steel  in  high-temperature,  pressurized  reactor-grade  water— 
PWR  conditions.  According  to  the  model  proposed  in  section  HI,  these  growth 
rates  would  be  expected  to  reside  on  the  ASME  air  default  line.  This  is  not 
quite  the  case,  however  they  are,  on  the  average,  a  factor  of  two  above  this 
level,  which  is  generally  considered  within  the  scatter  band  for  FCGR  tests. 
References  55,59. 
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Fig.  30.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A508-2  forging  steel  in  high-temperature,  pressurized,  reactor-grade  water— 
PWR  conditions.  The  large  acceleration  at  the  beginning  of  the  test,  and  the 
large  retardation  of  growth  rates  for  values  of  35-65  MPa  m  are  both  unusual 
charcteristics  of  these  tests.  In  this  case  the  data  are  well-supported  by 
microscopic  da/dN  examination  (striation  measurements)  and  the  correlation 
was  found  to  be  excellent.  References  58  and  59. 
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Fig.  31.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A508-2  forging  steel  in  high-temperature,  pressurized  reactor-grade  water— 
PWR  conditions.  This  test  was  terminated  prematurely  due  to  equipment 
malfunction.  Reference  58. 
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Fig.  32.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A508-2  forging  steel  in  high-temperature,  pressurized  reactor-grade  water— 
PWR  conditions.  Data  for  a  100  mm  thick  specimen  (4T-CT).  This  waveform 
results  in  rather  high  growth  rates  for  25  and  50  mm  thick  specimens.  The 
authors  speculate  that  the  thickness  of  the  specimen  results  in  crack  tip 
environments  of  a  substantially  different  character.  Reference  53. 
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Fig.  34.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A508-2  forging  steel  in  high-temperature,  pressurized  reactor-grade  water— 
PWR  conditions.  The  NRL  data  for  this  same  waveform/material/temperature 
combination  is  decidedly  in  the  low  growth  rate  category.  See  Fig.  4. 
References  58  and  59. 
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Fig.  35.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A508-2  forging  steel  in  high-temperature,  pressurized  reactor-grade  water— 
PWR  conditions.  In  accordance  with  the  proposed  model,  these  growth  rates 
should  be,  and  are,  in  the  low  growth  rate  category.  Reference  59. 
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Fig.  37.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A508-2  forging  steel  in  the  high  temperature  pressurized  reactor-grade  water— 
PWR  conditions.  Based  on  the  proposed  model,  these  FCGR's  would  be 
expected  to  reside  in  the  low  growth  rate  category.  This  data  does  not  appear 
to  agree  with  that  hypothesis  or  with  the  data  from  Fig.  26,  for  this  identical 
waveform,  and  nearly  equal  load  ratios.  Reference  61. 
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Fig.  38.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A508-2  forging  steel  in  the  high-temperature  pressurized  reactor-grade  water— 
PWR  conditions.  FCGR  data  for  this  long  ramp  time  would  be  expected  to  fall 
in  the  low  growth  rate  category  over  the  entire  4  K  range.  References  60,61. 
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Fig.  39.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A533B  steel  in  high-temperature,  pressurized,  reactor-grade  water.  These 
results  represent  NRL  and  Westinghouse  data  from  the  first  round  robin  test  of 
the  International  Cyclic  Crack  Growth  Rate  (ICCGR)  cooperative  group.  This 
data  compares  very  well  with  other  17  mHz  data  found  in  Figs.  11, 12, 19,  20,  40 
and  58. 
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Fig.  40.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
submerged  arc  deposited  weld  metal  with  Linde  124  flux  in  high-temperature, 
pressurized  reactor-grade  water  environment— PWR  conditions.  This  figure, 
Figs.  43  and  44,  and  46  all  exhibit  a  strong  acceleration  at  start-up,  followed  by 
a  decay  to  a  more  or  less  power  law  crack  growth  relationship.  Reference  51. 
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Fig.  41.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
submerged  arc  deposited  weld  metal  with  Linde  124  flux  in  the  high-temper¬ 
ature,  pressurized  reactor-grade  water— PWR  conditions.  As  for  other  17  mHz 
sinewave  tests,  this  data  resides  fairly  high  as  compared  with  other  tests  for 
similarly  low  load  ratios  (R=0.2).  Reference  52. 
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Fig.  42.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
submerged  arc  deposited  weld  metal  with  Linde  124  flux  in  the  high-temper- 
ature,  pressurized  reactor-grade  water— PWR  conditions.  Compared  with  the 
previous  figure,  this  higher  frequency  results  in  a  lower  crack  growth  rate. 
Reference  53. 


-1 


APPLIED  CYCLIC  STRESS  INTENSITY,  ktl-X/TnT 
10  10  ‘  10* 


3 

W 

E 


Fig.  43.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
submerged  arc  deposited  weld  metal  with  Linde  124  flux  in  the  high-temper¬ 
ature,  pressurized  reactor-grade  water  environment— PWR  conditions.  Refer¬ 
ence  61. 
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Fig.  44.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
submerged  arc  deposited  weld  metal  with  Linde  124  flux  in  the  high-temper¬ 
ature,  pressurized  reactor-grade  water  environment— PWR  conditions.  Refer¬ 
ence  61. 
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Fig.  45.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
submerged  arc  deposited  weld  metal  with  Linde  80  flux  in  the  high-temper- 
ature,  pressurized  reactor-grade  water  environment— PWR  conditions.  As  for 
other  17  mHz  sinewave  tests,  this  data  is  rather  high,  but  draws  toward  the 
ASME  air  default  line  at  larger  values  of  dK.  Reference  62. 
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Fig.  46.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
submerged  arc  deposited  weld  metal  with  Linde  80  flux  in  high-temperature, 
pressurized  reactor- grade  water  environment— PWR  conditions.  See  Fig.  42. 
Reference  62. 
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Fig.  47.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
submerged  arc  weld  metal  deposit  with  Linde  80  flux  in  the  high-temperature, 
pressurized  reactor-grade  water  environment— PWR  conditions.  For  the  larger 
values  of  4K,  this  data  set  resides  slightly  higher  than  that  in  the  previous 
figure.  This  tends  to  support  the  possibility  that  waveforms  involving  a  30  sec 
rise  time  component  are  somewhat  more  aggressive.  Reference  62. 
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Fig.  48.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
submerged  arc  deposited  weld  metal  with  Linde  124  flux  in  the  high-temper¬ 
ature,  pressurized  reactor-grade  environment— PWR  conditions.  This  data, 
while  spanning  a  small  4K  range,  resides  on  or  above  the  ASME  water  default 
line,  typical  of  R=0.7  FCGR  data.  Reference  50. 
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Fig.  49.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
submerged  arc  deposited  weld  metal  with  Linde  124  flux  in  the  high-temper- 
ature,  pressurized  reactor-grade  water  environment— PWR  conditions.  As 
expected  for  a  105  mHz,  11=0.7  test,  this  data  resides  on,  or  slightly  above  the 
ASME  water  default  line.  Reference  52. 


74 


Fig.  50.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
submerged  arc  deposited  weld  metal  with  Linde  124  flux  in  the  high-temper¬ 
ature,  pressurized  reactor-grade  water  environment— PWR  conditions.  This 
data  is  for  a  slightly  higher  load  ratio  than  other  tests  in  this  series,  and  was 
terminated  after  6.5  months  of  testing  "because  crack  growth  had  nearly 
stopped."  Reference  55. 
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Fig.  51.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
submerged  arc  deposited  weld  metal  with  Linde  124  flux  in  the  high-temper- 
ature,  pressurized  reactor-grade  water  environment— PWR  conditions.  This 
data  resides  rather  low  compared  with  other  high  load  ratio  data,  a  fact  which 
is  not  clearly  attributable  to  the  waveform  (see  next  figure).  Reference  62. 
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Fig.  52.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
submerged  arc  deposited  weld  metal  with  Linde  124  flux  in  the  high-temper¬ 
ature,  pressurized  reactor-grade  water  environment— PWR  conditions.  This 
data  resembles  that  of  two  similar  tests  in  the  following  figures,  and  is  quite 
similar  to  17  mHz  sinewave  data  of  the  same  load  ratio.  Reference  62. 
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Fig.  53.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
submerged  arc  deposited  weld  metal  with  Linde  80  flux  in  high-temperature, 
pressurized  reactor-grade  water  environment— PWR  conditions.  See  previous 
Fig.  51.  Reference  62. 
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Fig.  54.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
submerged  arc  weld  metal  deposit  with  Linde  80  flux  in  high-temperature, 
pressurized  reactor-grade  water  environment— PWR  conditions.  This  data  set 
begins  well  to  the  left  of  the  ASME  water  default  line,  as  expected  for  the 
higher  load  ratio  tests,  and  exhibits  the  trend  toward  the  ASME  air  default  line 
for  higher  values.  Reference  62. 
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Fig.  55.  Fatigut  rack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
submerged  arc  deposited  weld  metal  with  Linde  124  flux  in  high-temperature, 
pressurized  reactor-grade  water  environment— PWR  conditions.  See  Fig.  53. 
Reference  62. 
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Fig.  56.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
heat-affected  zone  of  a  submerged  arc  weld  deposit  in  high-temperature, 
pressurized  reactor-grade  water  environment— PWR  conditions.  This  data,  in 
its  initial  stage,  is  significantly  more  accelerated  than  that  from  other  tests  of 
the  same  waveform.  Note  that  the  trend  is  toward  the  ASME  air  default  line, 
much  like  17  mHz  sinewave  data.  Reference  61. 
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Fig.  57.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
the  heat-affected  zone  of  a  submerged  arc  weld  deposit  in  high-temperature, 
pressurized  reactor-grade  water  environment— PWR  conditions.  This  data,  also 
begins  with  rather  high  growth  rates,  as  in  the  previous  figure,  but  quickly 
returns  to  the  low  growth  rate  category  and  basically  resides  near  the  ASME  air 
default  line.  Reference  62. 
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Fig.  58.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
the  heat-affected  zone  of  a  submerged  arc  weld  deposit  in  high-temperature, 
pressurized  reactor-grade  water  environment— PWR  conditions.  This  data 
appears  at  quite  high  growth  rates,  and  exhibits  the  expected  trend  toward  the 
ASME  air  default  line  at  higher  values  of  4K.  Reference  62. 


83 


APPLIED  CYCLIC  STRESS  INTENSITY,  ksi-x/irT 
8  12 
10  10  10 


APPLIED  CYCLIC  STRESS  INTENSITY,  MPa\/i 

Fig.  59.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
the  heat-affected  zone  of  a  submerged  arc  weld  deposit  in  high-temperature, 
pressurized  reactor-grade  water  environment— PWR  conditions.  This  data 
begins  well  to  the  left  of  the  ASME  water  default  line,  as  expected  for  a  high 
load  ratio  test,  then  trends  to  rather  low  growth  rate  values.  Reference  62. 
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Fig.  60.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A533B  steel  in  high-temperature,  pressurized  reactor-grade  water— PWR  con¬ 
ditions.  This  data  was  acquired  during  a  test  which  involved  several  changes  in 
test  frequency  and  load  performed  so  as  to  extend  the  crack  and  obtain  data 
over  a  larger  span  of  4K  in  a  shorter  total  test  time.  Reference  17. 


86 


APPLIED  CYCLIC  STRESS  INTENSITY,  ksf-N/fnT 
10*  IB1  10* 


APPLIED  CYCLIC  STRESS  INTENSITY,  HWT 

Fig.  61.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
AS33B  steel  in  high-temperature,  pressurized  reactor-grade  water— PWR  con¬ 
ditions.  As  in  the  above  figure,  this  data  was  produced  using  a  test  procedure 
involving  changes  of  frequency,  but  in  this  case,  the  load  was  not  changed. 
Reference  17. 


Fig.  62.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A533B  steel  in  reactor-grade  water.  For  this  low  load  ratio,  the  data  reside 
essentially  on  or  near  the  ASME  air  default  line.  Reference  15. 
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Fig.  63.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A533B  steel  in  reactor-grade  water.  Compared  with  the  previous  figure,  the 
higher  load  ratio  results  in  higher  crack  growth  rates  for  a  given  4K  value. 
Reference  15. 
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Fig.  64.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A533B  steel  in  reactor-grade  water.  The  expected  increase  in  fatigue  crack 
growth  rates  with  increasing  cyclic  period  is  clearly  realized  in  this  data. 
Reference  10. 
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Fig.  65.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A533B  steel  in  aqueous  solutions  of  varying  pH.  The  more  basic  solution 
depresses  the  fatigue  crack  growth  rates.  Reference  16. 
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Fig.  66.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A516  steel  in  high-temperature,  pressurized  reactor-grade  water— BWR  con¬ 
ditions.  For  the  most  part,  this  data  resides  on  or  near  the  ASME  air  default 
line,  as  expected  for  this  short  period,  low  load  ratio  test.  References  21,  23. 
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Fig.  67.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A516  steel  in  high-temperature,  pressurized  reactor-grade  water— BWR  con¬ 
ditions.  Compared  with  the  previous  figure,  this  data  set  resides  higher  due  to 
both  the  higher  load  ratio,  and  the  longer  cyclic  period.  Reference  24. 
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Fig.  68.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A516  steel  in  high-temperature,  pressurized  reactor-grade  water— BWR  con¬ 
ditions.  This  high  load  ratio  results  in  data  that  is  well  to  the  right  of  the 
ASME  water  line,  even  for  the  relatively  short  cyclic  period  of  the  test. 
References  22,  23. 
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Fig.  69.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A508-2  steel  in  high-temperature,  pressurized  reactor-grade  water— BWR  con¬ 
ditions.  The  pairs  of  data  points  represent  initial  and  final  4K  values  for  the 
increment  of  crack  extension  for  which  the  rate  was  measured.  The  data 
agrees  with  the  trends  of  the  A516  data  in  the  previous  figures.  Reference  24. 
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Fig.  70.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A5I6  steel  in  high-temperature  pressurized  reactor-grade  water— BWR  con¬ 
ditions.  For  this  relatively  long  period  waveform  and  high  load  ratio,  this  data 
lies  substantially  to  the  left  of  the  ASME  water  default  line.  Reference  24. 
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Fig.  7L  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A508-2  steel  in  high-temperature,  pressurized  reactor-grade  water— BWR  con¬ 
ditions.  This  data  agrees  with  the  data  of  the  previous  figure.  Reference  24. 
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Fig.  72.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A508-2  steel  in  high-temperature,  pressurized  reactor-grade  water— BWR  con¬ 
ditions.  For  the  low  load  ratio  involved,  these  are  rather  high  crack  growth 
rates.  Reference  25. 
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Fig.  73.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
AS08-2  steel  in  high-temperature,  pressurized,  reactor-grade  water— BWR  con¬ 
ditions.  Relative  to  the  data  set  in  the  previous  figure,  these  results  are  lower 
due  to  the  higher  test  frequency  leading  to  reduced  time  for  the  environmental 
assistance  to  develop.  Reference  25. 
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Fig.  74.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
the  heat-affected  zone  of  an  A508-2  parent  plate  in  the  high-temperature, 
pressurized  reactor-grade  water— BWR  conditions.  The  strong  downward  trend 
of  this  data  is  difficult  to  rationalize,  but  the  initial  values  agree  well  with 
other  data  for  this  waveform/frequency /load  ratio  combination.  Reference  24. 
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Fig.  75.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
SA333-6  steel  in  the  high-temperature,  pressurized  water  environment— BWR 
conditions,  6  ppm  dissolved  oxygen.  In  spite  of  the  lor;  load  ratio,  the  high 
dissolved  oxygen  content,  coupled  with  the  long  period  waveform  results  in  high 
crack  growth  rates.  Reference  29. 
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Fig.  76.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
heat  affected  zone  of  SA333-6  in  high-temperature,  pressurized  reactor-grade 
water— BWR  conditions,  0.2  ppm  dissolved  oxygen.  The  application  of  a 
post-weld  heat  treatment  does  not  seem  to  have  an  effect  on  the  crack  growth 
rate  results.  Reference  29. 
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Fig.  77.  Fatigue  crack  growth  rates  vs  applied  cyclic  stress  intensity  factor  for 
SA333-6  steel  in  high-temperature,  pressurized  reactor-grade  water — BWR 
conditions.  This  data  set  shows  an  unusually  strong  deceleration  at  the  higher 
A K  values,  considering  the  load  ratio.  Reference  29. 
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Fig.  78.  Fatigue  crack  growth  rates  vs  applied  cyclic  stress  intensity  factor  for 
SA333-6  steel  in  high-temperature,  pressurized  reactor-grade  water--BWR 
conditions.  This  data  set  reflect  the  same  overall  deceleration  as  in  the 
previous  figure,  with  increasing  AK,  which  runs  counter  to  the  expected  trend. 
Reference  29. 
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Fig.  80.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A533B  steel  in  high-temperature,  pressurized  reactor-grade  water— PWR  con¬ 
ditions.  This  data  compares  well  with  other  high  load  ratio  tests  with 
waveforms  in  this  frequency  range.  References  22,23. 
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Fig.  8L  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A533B  steel  in  high-temperature,  pressurized  reactor-grade  water— BWR  con¬ 
ditions.  For  this  relatively  low  load  ratio,  this  data  compares  with  other  data 
for  this  material  in  both  PWR  and  BWR  environments.  References  43,47. 


Fig.  82.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A516  steel  in  a  high-temperature  air  environment.  This  data  set  represents 
baseline  behavior  for  this  material.  Reference  21. 
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Fig.  83.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A533B  steel  in  a  room  temperature  air  environment.  This  represents  baseline 
data  for  the  bulk  of  the  work  by  Hondo  and  associates.  References  3,4. 
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Fig.  84.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
stainless-clad  A302B  steel  in  air,  and  in  high-temperature,  pressurized  reactor 
grade  water— BWR  conditions.  The  rather  low  growth  rates  indicate  that  the 
clad  has  no  adverse  effect.  It  is  difficult  to  assert  that  the  clad  has  a  positive 
effect,  since  growth  rates  for  a  170  mHz  (10  cpm)  waveform  would  be  quite  low 
anyway.  References  2,3,4. 
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Fig.  85.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A533B  steel  in  high-temperature,  pressurized  reactor-grade  water—BWR  con¬ 
ditions.  These  results,  when  compared  with  those  of  Fig.  86,  indicate  that  the 
environment  has  little  effect  for  these  loading  conditions.  References  3,4. 
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Fig.  86.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A533B  steel  in  high-temperature,  pressurized,  reactor-grade  water— BWR  con¬ 
ditions.  Materials  A  and  B  represent  two  different  heats  of  A533B.  Reference  7. 
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Fig.  87.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
A533B  steel  in  high-temperature,  pressurized  reactor-grade  water— BWR  con¬ 
ditions.  Specimens  in  Figs.  84-89  were  double  edge  notched  tension  specimens, 
with  crack  extensions  determined  by  beach  marks.  Reference  3. 
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Fig.  88.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
heat-affected  zone  material  of  A533B  parent  plate,  in  the  high-temperature, 
pressurized  reactor-grade  water-BWR  conditions.  This  data  indicates  a  cross¬ 
over  behavior  of  the  fine  and  coarse  grained  materials.  Reference  7. 
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Fig.  89.  Fatigue  crack  growth  rate  vs  applied  cyclic  stress  intensity  factor  for 
coarse-grained,  heat-affected  zone  material  of  A533B  parent  plate  in  high- 
temperature,  pressurized,  and  lower  temperature,  reactor-grade  water— BWR 
conditions.  At  least  for  the  higher  AK  values,  the  higher  temperature 
environments  result  in  higher  crack  growth  rates.  Reference  7. 
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